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An extended overview of the phase-mineral transformations of organic and inorganic matter that occur 
during biomass combustion was conducted. Some general considerations and particularly problems asso¬ 
ciated with the composition of biomass and biomass ash (BA) and behaviour of biomass during burning 
were discussed initially. Then, reference peer-reviewed data plus own investigations were used to orga¬ 
nise and describe systematically the above topics. It was demonstrated that the phase composition of BA 
is polycomponent, heterogeneous and variable and includes: (1) mostly inorganic matter (IM) composed 
of non-crystalline (amorphous) and crystalline to semi-crystalline (mineral) constituents; (2) subordi- 
nately organic matter (OM) consisting of char and organic minerals; and (3) some fluid matter associated 
with both IM and OM. Approximately 291 phases or minerals were identified in BA. These species have 
primary, secondary or tertiary origin in the combustion residue and they are generated from natural 
(authigenic and detrital) and technogenic phases or minerals originally present in biomass. Afterwards, 
common issues related to the composition, occurrence, transformation and origin of common constitu¬ 
ents in biomass and BA such as: (1) OM, namely cellulose, hemicellulose, lignin, char and other organic 
phases plus organic minerals; and (2) IM such as silicates, oxides and hydroxides, phosphates, sulphates 
(plus sulphides, sulphosalts, sulphites and thiosulphates), carbonates (plus bicarbonates), chlorides (plus 
chlorites and chlorates), nitrates, glass, amorphous (non-glass) material and other inorganic phases; were 
described and compared to coal ash. As a final point, a systematization of physico-chemical transforma¬ 
tions during biomass combustion is given. It was found that the original OM and IM in biomass during 
combustion transform: (1) initially to devolatilization of OM and burning of combustible gases and char 
with formation of intermediate and less stable oxalates, nitrates, chlorides, hydroxides, carbonates, sul¬ 
phates and inorganic amorphous (non-glass) material; (2) subsequently to more stable silicates, phos¬ 
phates and oxides; (3) then to melting accompanied by dissolution of the refractory minerals; with 
increasing combustion temperatures in the system; and (4) followed by crystallisation of melt and for¬ 
mation of glass accompanied by some salt condensation and hydroxylation, hydration and carbonation 
of newly formed phases during cooling of BA. Finally, some post-combustion transformations of the 
newly formed minerals and phases to stable during weathering species among silicates, hydroxides, 
phosphates, sulphates, carbonates, chlorides and nitrates also occur due to their hydration, hydroxylation 
and carbonation by moisture and C0 2 in the air through storage of BA. Certain major associations related 
to the occurrence, content and origin of elements and phases were identified in the BA system and they 
include; (1) Si-Al-Fe-Na-Ti (mostly glass, silicates and oxyhydroxides); (2) Ca-Mg-Mn (commonly car¬ 
bonates, oxyhydroxides, glass, silicates and some phosphates and sulphates); and (3) K-P-S-Cl (normally 
phosphates, sulphates, chlorides, glass and some silicates and carbonates). These associations were 
applied for classification of BAs to four types and six sub-types. It was found that such systematic rela¬ 
tionships have a key importance in both fundamental and applied aspects related to innovative and sus¬ 
tainable processing of biomass and BA. The ash formation mechanisms and ash fusion behaviour, as well 
as some indications of potential technological problems and environmental risks during combustion of 
biomass types and sub-types and application of their BAs will be described in Part II of the present work. 
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Nomenclature 



A 

ash yield 

MM 

marine macroalgae 

AFTs 

ash fusion temperatures 

MP 

melting point 

BA 

biomass ash 

OM 

organic matter 

BC 

beech wood chips 

PP 

plum pits 

CC 

corn cobs 

R 2 

correlation coefficient 

daf 

dry, ash-free basis 

RH 

rice husks 

db 

dry basis 

SG 

switchgrass 

DTA 

differential-thermal analysis 

SS 

sunflower shells 

DWR 

dry water-soluble residue 

TGA 

thermo-gravimetric analysis 

FC 

fixed carbon 

VM 

volatile matter 

FT 

fluid temperature 

WS 

walnut shells 

HTA 

high-temperature ash (>500 °C) 

XRD 

X-ray powder diffraction 

IM 

LTA 

inorganic matter 

low-temperature ash (100-250 °C) 

% 

weight% 


1. Introduction 

It is widely accepted that biofuel combustion does not contrib¬ 
ute to the greenhouse effect due to the C0 2 neutral conversion 
thanks to the renewability of biomass. The focus on bioenergy as 
an alternative to fossil energy has increased tremendously in re¬ 
cent times because of global warming problems originating mostly 
from fossil fuels combustion. Therefore, extensive investigations 
have been carried out worldwide recently to enhance biomass 
use instead of fossil fuels for energy conversion ([1-4] and refer¬ 
ences therein). In total about 95-97% of the world’s bioenergy is 
currently produced by direct combustion of biomass [5-8], As a re¬ 
sult of that, it was estimated that approximately 480 million ton¬ 
nes of biomass ash (BA) could be generated worldwide annually 
if the burned biomass is assumed to be 7 billion tonnes [3], Hence, 
this quantity is comparable to that of coal ash, namely 780 million 
tonnes [9], The perspective of increasing large-scale combustion of 
natural biomass and its co-combustion with semi-biomass (con¬ 


taminated biomass such as municipal solid waste, refuse-derived 
fuel, sewage sludge, demolition wood and other industrial organic 
wastes) and solid fossil fuels (coal, peat, petroleum coke) seems to 
be one of the main drivers for biofuel promotion in many countries 
worldwide in the near future ([3] and references therein]). 

Numerous biomass varieties with large biological diversity and 
distinct source and origin can be used as solid biofuel resources 
(Table 1 ). Two fundamental aspects related to the use of biomass 
and BA are: (1) to extend and improve the basic knowledge on 
composition and properties: and (2) to apply this knowledge for 
their most innovative and sustainable utilisation. The systematic 
identification, quantification and characterization of chemical 
and phase composition of a given solid fuel are the initial and most 
important steps during the investigation and application of such 
fuel. This composition is a unique fundamental code that depends 
on various factors and determines or predicts properties, quality 
and application perspectives, as well as technological and environ¬ 
mental problems related to any fuel. There is a huge amount of 
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their biological diversity, source and origin. 


2. Herbaceous and agricultural biomass 


3. Aquatic biomass 


4. Animal and human biomass wastes 


Biomass sub-groups, species and varieties 

Coniferous or deciduous, angiospermous or gymnospermous and soft or hard such as stems, barks, branches (twigs), 
leaves (foliage), bushes (shrubs), chips, lumps, pellets, briquettes, sawdust, sawmill and others from various wood 

Annual or perennial, arable or non-arable and field-based or processed-based biomass from various species such as: 

2.1. Grasses and flowers (alfalfa, arundo, bamboo, bana, cane, miscanthus, reed canary, ryegrass, switchgrass, 
timothy, others) 

2.2. Straws (barley, bean, corn, flax, mint, oat, paddy, rape, rice, rye, sesame, sunflower, triticale, wheat, others) 

2.3. Stalks (alfalfa, arhar, arundo, bean, corn, cotton, kenaf, mustard, oreganum, sesame, sunflower, thistle, tobacco, 
others) 

2.4. Fibers (coconut coir, flax, jute bast, kenaf bast, palm, others) 

2.5. Shells and husks (almond, cashewnut, coconut, coffee, cotton, hazelnut, millet, olive, peanut, rice, sunflower, 

2.6. Pits (apricot, cherry, olive, peach, plum, others) 

2.7. Other residues (fruits, pips, grains, seeds, coir, cobs, bagasse, food, fodder, marc, pulps, cakes, others) from 
various species 

Marine or freshwater, macroalgae or microalgae and multicellular or unicellular species (blue, blue-green, brown, 
golden, green and red algae; diatoms, duckweed, giant brown kelp, kelp, salvinia, seaweed, sweet-water weeds, 
water hyacinth, others) 

Bones, chicken litter, meat-bone meal, sponges, various manures, others 


5. Contaminated biomass and industrial biomass Municipal solid waste, demolition wood, refuse-derived fuel, sewage sludge, hospital waste, paper-pulp sludge, 
wastes (semi-biomass) waste papers, paperboard waste, chipboard, fibreboard, plywood, wood pallets and boxes, railway sleepers, tannery 


Table 2 

Phase composition of biomass. 

Matter State and type of Phases and components 


1. Organic matter 

2. Inorganic matter 


3. Fluid matter (mostly 
inorganic) 


1.1. Solid, non-crystalline Structural ingredients (cellulose, hemicellulose, lignin), extractives, others 

1.2. Solid, crystalline Organic minerals such as Ca-Mg-K-Na oxalates, others 


2.1. Solid, crystalline 

2.2. Solid, semi- 
crystalline 

2.3. Solid, amorphous 


Mineral species from different mineral classes (silicates, oxyhydroxides, sulphates, phosphates, carbonates, 
Poorly crystallised mineraloids of some silicates, phosphates, hydroxides, chlorides, others 
Amorphous phases such as various glasses, silicates, others 


Fluid, liquid, gas 


Moisture, gas and gas-liquid ir 


1 with both organic and inorganic matter 


Table 3 

Origin of phases in biomass. 

Formation process Place of formation 
1. Natural 1.1. Authigenic (formed in 

biomass) 


1.2. Detrital (formed outside 
biomass, but fixed in/on 
biomass) 


Anthropogenic 


Technogenic (formed outside or 
inside biomass and fixed in/on 
biomass) 


Time of formatior 


1.1.1. Syngenetic (during plant 
growing) 

1. 1.2. Epigenetic (after plant died) 

1.2.1. Pre-syngenetic (before 
plant growing) 

1.2.2. Pre-syngenetic, syngenetic 
or epigenetic 


Generated by biogenic processes of growing plants (photosynthesis, 
diffusion, adsorption, osmosis, pinocytose, endocytose, exocytose, 
hydrolysis, precipitation, others) 

Originated by natural processes after plants died (evaporation, 
precipitation) 

Pre-existing and finely dispersed mineral grains (commonly <1 pm) 
introduced into the plant by water suspensions during syngenesis 
(endocytose) 

Pre-existing and fine-grained particles (normally <10-100 pm) 
introduced by water and wind on plant surfaces and fixed in pores, voids 


Post-epigenetic (during and after Natural and/or industrial components (dust, materials, additives, 
plant collecting) contaminants, others) introduced in biomass during collecting, handling, 

transport and subsequent processing steps 


data on the composition of biomass and BA, and the behaviour of 
organic matter (OM) and inorganic matter (IM) during biomass 
combustion on the Internet and numerous scientific reports from 
projects, conference proceedings and workshop presentations, as 
well as in databases and many publications. However, the use of 
such information is often unreliable because the data are not 


peer-reviewed. Therefore, a detailed review of the scientific litera¬ 
ture, including more than 650 mostly peer-reviewed references 
and data compilations has been conducted to systematise the re¬ 
sults obtained until now for composition and properties of biomass 
and BA. As initial steps, several extended and consecutive over¬ 
views related to: (1) chemical composition and classification of 








biomass [1]; (2) organic and inorganic phase composition and clas¬ 
sification of biomass [2]; (3) phase-mineral and chemical composi¬ 
tion and classification of BA [3]; and (4) potential utilisation, 
technological and ecological advantages and challenges of BA [4], 
respectively, have been performed and published recently. The 
extensive reference peer-reviewed data plus own investigations 
for both biomass and BA systems were used to describe the above 
topics. 

The occurrence and origin of phases in biomass and BA have 
been described in detail recently [2,3] and summarized herein (Ta¬ 
bles 2-5). However, some of the major and still open questions are 
related to the limited knowledge of phase and mineral transforma¬ 
tions and chemical interactions that occur during thermo-chemical 
conversion (combustion, pyrolysis, gasification, liquefaction) of 
biomass. A detailed knowledge for the composition of biomass 
and BA and behaviour of OM and IM during biomass combustion 
has primary importance in both basic and applied aspects and 
can assist directly or indirectly in: 

(1) Establishment of a uniform nomenclature and standards. 

(2) Identification of combined chemical and phase-mineral 
associations and their application for creation of advanced 
and precise classifications. 


(3) Explanation or prognosis of composition and properties, as 
well as phase-mineral transformations and chemical inter¬ 
actions during combustion. 

(4) Characterization of formation mechanisms of solid combus¬ 
tion products. 

(5) Prediction and assessment of technological, ecological and 
health problems or benefits such as: 

• Performance during processing. 

• Economically valuable or environmentally hazardous 
components. 

• Specification of appropriate or potential innovative 
(effective, muticomponent, wasteless) modes of sustain¬ 
able utilisation. 

• Novel, effective and environmentally sound biomass 
combustion technologies. 

• Reduction or elimination of various technological prob¬ 
lems (agglomeration, corrosion, abrasion-erosion, slag¬ 
ging, fouling) and environmental risks and health 
concerns such as global and local contaminations of the 
air, water, soil and plants by toxic and potentially toxic 
compounds originated from gas, liquid and solid emis¬ 
sions: associated with biomass fuels and their combus¬ 
tion products. 
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Numerous studies of the behaviour of solid biofuels and their 
products during thermo-chemical conversion such as combustion, 
to a lesser extent pyrolysis (including torrefaction as low-temper¬ 
ature pyrolysis) and gasification, and more rarely liquefaction, as 
well as co-combustion, co-pyrolysis and co-gasification of coal 
with biomass have been performed worldwide and published 
[1-8,10-371], As a result, extensive data for formation of bottom 
ashes, slags, fly ashes, chars and other residues during thermal 
treatment of different biomass varieties have been generated in 
the above investigations. Some advanced approaches and studies 
of phase and mineral transformations at different temperature 
intervals during combustion and occasionally gasification of bio¬ 
mass varieties such as: apple pulp; brassica; cassava; eucalyptus 
bark and stem; meat-bone meal; olive kernel, cake and tree prun¬ 
ing; parasol tree leaves; pine sawdust; poplar; pulp-paper mill res¬ 
idue; stalks (corn, cotton, pepper); straws (rice, wheat, mixed); 
sunflower husk; thistle; vine shoots; wastes (animal, food, sewage 
sludge); and wood (citrus tree, fire-pine, olive tree); have also been 
performed [ 12,20,75,79,99,116,129,156,164,186,201,202,205,310, 
329,333,343,348,367], Thus, significant information for the phases 
and minerals identified in biomass and BA plus combustion behav¬ 
iour of OM and IM is available and such data have been collected 
and arranged systematically, chronologically and alphabetically 
where possible herein. These results provide a sound foundation 
for an initial database that can be used for characterization of bio¬ 
mass during combustion. However, it was also found that serious 
problems related to composition and behaviour of OM and IM dur¬ 
ing biomass combustion occur and most of them are similar to 
those determined for chemical and phase studies of biomass and 
BA [1-4], Therefore, an attempt to summarize these problems 
was undertaken and is described below: 

(1) A serious omission is the limited description of the specific 
type, place and manner of collection, as well as storage 
and processing conditions of biomass varieties and their 
BAs used as samples or feedstock. For instance, the use of 
biomass specification such as: wood, fuelwood or firewood; 
soft or hard wood; stem or bark; forest or agricultural resi¬ 
due; straw; grass; manure; coppicing or dedicated energy 
crop; and short rotation coppice or crop; do not provide suf¬ 
ficient information for the reliable identification and charac¬ 
terization of a particular type of biomass and its behaviour 
during combustion. The exact fuel and ash status of the sam¬ 
ples studied, namely as-collected or as-received, air-dried 
and oven-dried basis, is also very often not reported, which 
presents a serious challenge for some interpretations. 

(2) The long term experience and knowledge achieved for the 
composition and phase transformations of the most studied 
fuels and their ashes, namely for coal, peat, petroleum coke 
and municipal solid waste or refuse-derived fuel ([3,372- 
379] and references therein) have not been implemented 
very successfully in the field of biomass and BA. Therefore, 
the use of unsuitable scientific approaches, models and pro¬ 
cedures, incomplete data or inappropriate terms and inter¬ 
pretations is common in many investigations of biomass 
and BA ([1-4] and see also below and Part II). 

(3) The lack of generally accepted terminology, classification 
systems and standards worldwide for the chemical and 
phase composition of biomass and BA leads to very serious 
misunderstanding during the investigations. The biggest 
problem seems to be the absence of appropriate phase clas¬ 
sifications for biomass and BA in contrast to some other fuels 
and their ashes. For example, there are systematic and rela¬ 
tively strict phase specifications for coal and coal ash (which 
can also be applied to biomass and BA) including: (1) IM 


(crystalline and non-crystalline) such as mineral classes, 
groups and species, and amorphous phases; and (2) OM, 
namely different lithotypes, microlithotype groups and mac- 
erals, and chars produced from them; which are well recog¬ 
nised worldwide and relatively well characterised ([1- 
3,372,373,380,381] and references therein). 

(4) The organic and inorganic phases in biomass and BA are a 
result of natural and anthropogenic formation processes 
(Tables 1-5) and a significant fraction in these solid fuels 
and their combustion products can contain other non-bio- 
mass phases [1-3]. Therefore, the contaminated biomass 
(semi-biomass) should always be considered separately 
from biomass generated from natural resources due to the 
different origin, composition and potential use. 

(5) The detailed and complete data sets from simultaneous 
chemical and phase-mineral analyses for numerous biomass 
varieties and their solid combustion products are scarce. 
Thus, limited systematic interpretations can be made from 
such investigations. 

(6) The methods for phase and mineral investigations of bio¬ 
mass and BA have not been developed and implemented 
very well. Extraction procedures are dominantly used for 
the identification and quantification of the inorganic and 
organic phase composition of biomass and BA. Unfortu¬ 
nately, the direct methods for determination of phases in 
biomass and BA are not commonly applied and some analyt¬ 
ical concerns associated with biomass and BA have been dis¬ 
cussed ([1-3] and references therein). 

(7) Sequential chemical fractionation is mostly used to distin¬ 
guish the speciation (modes of occurrence or chemical forms 
of combination) of elements in biomass fuels and their 
ashes. However, this indirect procedure cannot be applied 
to identify the actual modes of occurrence of elements in a 
multicomponent system. Leaching alone has many limita¬ 
tions and can be used only to provide preliminary informa¬ 
tion for some possible associations of elements in phases 
[2,3], Other direct methods commonly applied for coal and 
coal products ([382,383] and references therein) provide 
better information and they should always be used simulta¬ 
neously with leaching procedures. 

(8) Most studies used the data from ash yield of biomass or the 
bulk chemical composition of ash to explain mineral matter, 
mineral composition, inorganic matter or inorganics in bio¬ 
mass and BA, which is not fully correct and can lead to con¬ 
fusion in many cases [1-3]. 

(9) There are still insignificant or quite limited data about the 
combined exploration of the thermal behaviour of OM (cel¬ 
lulose, hemicellulose, lignin, organic minerals) and IM 
(diverse species of silicates, oxyhydroxides, sulphates, phos¬ 
phates, carbonates, chlorides, nitrates and other inorganic 
phases) constituents for biomass varieties from different 
types and sub-types during combustion of biomass or its 
co-combustion with other solid fuels (see below and Part II). 

(10) The common scientific approach used is to study the concen¬ 
tration and behaviour of individual elements (Al, C, Ca, Cl, Fe, 
Mg, K, N, Na, P, S, Si and trace elements) for explaining and 
evaluating different technological and environmental prob¬ 
lems related to biomass combustion. However, the experi¬ 
ence from the studies of other solid fuels shows that the 
actual reasons for such problems in multicomponent sys¬ 
tems like those for biomass and BA are mostly connected 
with the abundance and behaviour of modes of element 
occurrence (specific phases or minerals containing this ele¬ 
ment) in such fuels and their products ([1-4,378,381,384] 
and references therein). 
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(11) Many findings about the behaviour of OM and IM during 
biomass heating are based only on theoretical equilibrium 
and stoichiometric calculations of chemical data. These indi¬ 
rect investigations may be quite unrealistic for actual predic¬ 
tions of phases in a multicomponent system under non¬ 
equilibrium conditions. Such calculations can be used only 
to provide a preliminary prediction prior to direct (input, 
output) phase studies of the systems (see Section 3.2). 

(12) The variable ash-melting points of biomass fuels have been 
discussed in numerous studies. However, it should be stated 
that melting points occur only for pure (monocomponent) or 
simple systems, while BA (similar to coal ash) as a multi¬ 


component system of powder material cannot have a spe¬ 
cific melting point [385]. Therefore, BA has three or four 
characteristic and measurable ash fusion temperatures 
because ash melting occurs over a wide temperature range 
([3] and see below and Part II). 

(13) The systematic studies on trace elements in biomass and BA, 
as well as challenges and advantages related to modes of BA 
utilisation are only at an initial stage and they need further 
clarification by more extensive investigations [4], 

The above listed problems show that additional, systematic and 
detailed chemical and phase-mineral studies of biomass and BA 


d on high-temperature ash analyses 


Biomass group and sub-group Si0 2 


1. Wood and woody biomass (WWB) 
Mean 22.22 

Minimum 1.86 


83.46 31.99 


15.12 14.57 


11.66 29.82 


1.32 28 

0.08 28 

3.57 28 


2.1. Grasses (HAG) 


2.2. Straws (HAS) 
Minimum 


94.48 44.32 63.90 31.06 


11.23 24.! 


84.92 44.32 


43.94 14.13 


24.47 16.58 


94.48 44.13 


20.33 2.59 


14.10 2.82 


31.06 14.60 16.21 36.27 14.74 26.20 2.02 


4. Mixture of biomass (MB) 

Minimum 

Maximum 

5. Contaminated biomass (CB) 


49.04 

41.22 

56.85 


17.48 

11.51 

25.70 


10.82 3.52 


15.41 

3.08 

53.53 


100.00 0.05 


100.00 0.16 


22.18 10.55 


Natural biomass 

Minimum 

Maximum 


29.76 25.27 17.91 


94.48 83.46 


40.94 53.53 16.21 36.27 14.74 29.82 


25.99 19.40 5.92 


40.94 15.12 16.21 36.27 14.74 29.82 


100.00 0.75 86 

0.01 86 

3.57 86 

100.00 0.81 78 

0.01 78 

3.57 78 


12.39 15.35 9.76 


25.74 19.88 


Bituminous coal (rr 
Coal (mean) 

Coal (minimum) 
Coal (maximum) 


100.00 

100.00 

100.00 
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K-Ca aluminosilicate 
K-Ca silicates 



NaCa 2 (Mg,Fe,Al) 5 (SiAl)a0 22 (OH) 2 

CaAl 2 Si 2 0 8 

(Ca,Na)( Mg.Fe Al.Ti X Si^\l) 2 0 6 

K(Mg,Fe) 3 A 1 Si 30 10 (OH,F ) ; 

Ca 7 Mg(Si0 4 ) 4 



A-M 





ontinued < 
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CuO 


Zn(OH) 2 

FeO 


Ca(P0 4 )3(Cl,F,0H,C0 3 ) or Ca 5 (P 04 ) 3 (aF, 0 H,C 0 3 ) 
Ca,^(HP04UP0 4 )^C0H) 2 _, 

A1P0 4 

Ca 9 FeH(P0 4 ) 7 

CaKP0 4 
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Table 7 (continued) 


Phase, mineral 

Chemical formula 


Quantity 3 

Origin 11 





Primary Secondary Tertiary 

Ca-K phosphate 

CaK 2 P 2 0 7 


A 


Ca-Mg-K phosphate 

Ca 9 MgK(P0 4 ) 7 


A-Mi 


Ca phosphates 

Ca 3 (P0 4 ) 2 , Ca 3 P 2 0 8t others 


A-M 


Chloroapatite 

Ca(P0 4 ) 3 (Cl) or Ca 5 (P0 4 ) 3 (Cl) 


A-Mi 


Durapatite 

Ca 5 H0 13 P 3 


A 


Fe phosphates 

FeP0 4 , Fe 7 (P0 4 ) 6 


A-Mi 


Hydroxylapatite 

Ca(P0 4 ) 3 (0H), Ca 5 (P0 4 ) 3 (0H) o 

rCa 10 (P0 4 ) B (0H) 2 

A-M 


K-Ca phosphate 

KCa(P0 4 ) 


A-Mi 


I< hydrogen phosphate' 

k 2 hpo 4 


A 


I< dihydrogen phosphate 

kh 2 po 4 




I< phosphates 

KP0 3 , K 3 P0 4 , K 5 P 3 0,o, others 


A-Mi 


I< pyrophosphate hydrate 

K4P 2 0 7 -3H 2 0 


A 


Mg-Ca phosphate' 

MgCaP0 4 


A-Mi 


Mg phosphates 



A-Mi 


Mg pyrophosphate 

M g2 P 2 0 7 


A 


Mn phosphate' 



A 


Na-K phosphate 



A-Mi 


Na phosphates 

Na 6 P 2 O s , others 


A-Mi 



Ca 9 Fe(P0 4 ) 7 or Ca 3 (P0 4 ) 2 


A-Mi 


Zn phosphate 



A 


1.4. Sulphates, sulphides, sulphosalts, sulphites and thiosulphates 
Amorphous K, Na, Ca and Mg sulphates 



A-M 



CaS0 4 


A-M 


Aphthitalite 

(K,Na) 3 Na(S0 4 ) 2 


A 



k 2 so 4 


A-M 



BaS0 4 


A 


Bassanite 

CaS0 4 0.5H 2 0 


A-Mi 


Ca-K sulphates 



A-M 


Ca langbeinite 

K 2 Ca 2 (S0 4 ) 3 or K 2 CaMg(S0 4 ) 3 


A-Mi 


Ca-Mg sulphate 

CaMg 3 (S0 4 ) 4 


A-Mi 


Ca sulphate 



A-M 





A 


Celestine' 

SrS0 4 




Chalcanthite 

CuS0 4 -5H 2 0 


A 


Ettringite 

Ca6Al 2 (S0 4 ) 3 (0H) 12 -26H 2 0 


A-Mi 


Fe sulphate' 

Fe 2 (S0 4 ) 3 


A 


Fe-Zn sulphide' 





Glaserite 

K 3 Na(S0 4 ) 2 


A-M 


Gypsum 

CaS0 4 -2H 2 0 


A-M 


Jarosite' 

KFe 3 (S0 4 ) 2 (0H) 6 


A 


I< sulphide 

K 2 S 




Langbeinite 

K 2 Mg 2 (S0 4 ) 3 


A-Mi 


Mg sulphate (dehydrated kieserite) 

MgS0 4 


A-Mi 


Mg thiosulphate 

MgS 2 0 3 


A 


Millosevichite 

A1 2 (S0 4 ) 3 




Na thiosulphate 

Na 2 S 2 0 3 




Oldhamite 

CaS 




Picromerite 

K 2 Mg(S0 4 ) 2 -6H 2 0 




Pyrite' 

FeS 2 


A 


Sulphides 

Compounds with sulphide anic 

>n (S 2 -) 

A 


Sulphites 

Compounds with sulphite anio 

n(SO|-) 

A 


Syngenite 

K 2 Ca(S0 4 ) 2 H 2 0 


A-Mi 


Syngenite (dehydrated) 

K 2 Ca(S0 4 ) 3 


A-Mi 


Thenardite 

Na 2 S0 4 


A-Mi 


Zn sulphide' 



A 


Xanthoconite 

Ag 3 AsS 3 


A 


1.5. Carbonates and bicarbonates 

Ankerite 

Ca(Mg,Fe)(C0 3 ) 2 


A-M 


Arterite 

Mg 2 C0 3 (0H) 2 -3H 2 0 


A-Mi 


Baylissite 

K 2 Mg(C0 3 ) 2 -4H 2 0 


A-Mi 


Butschliite (dimorphous with fairchildite) 

K 2 Ca(C0 3 ) 2 


A-Mi 


Ca-K carbonate 

Ca 2 K 2 (C0 3 ) 3 


A-Mi 


Calcite 

CaC0 3 


Mi-F 


Cr-bearing carbonates 



A 


Dolomite 

CaMg(C0 3 ) 2 


A-Mi 


Eitelite 

Na 2 Mg(C0 3 ) 2 


A 


Fairchildite 

K 2 Ca(C0 3 ) 2 


A-M 


Hydrocalcite 

CaC0 3 H 2 0 


A-Mi 


Hydrotalcite 

Mg6Al 2 C0 3 (0H)i 6 -4H 2 0 


A-Mi 


Hydrozincite 

Zn 5 (C0 3 ) 2 (0H) 6 


A 



khco 3 


A-Mi 


K carbonate (potash) 

k 2 co 3 


A-M 


K-Na-Ca-Mg carbonates' 



A 


Magnesite 

MgC0 3 


A-Mi 

(continued on next page) 
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Na 2 Ca(C0 3 ) 2 



K-Mo selenide 


Ni-Fe-As phases" 


FeC0 3 

CaCl 2 



CuCl 2 

ZnCl 2 

ZnCl 2 1.3H 2 0 


Cu 





A-M 




A-M 
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Table 8 

Possible physico-chemical formations, transformations and reactions during biomass combustion and transport and storage of biomass ash. 


Phase, mineral 


Formation, transformation or reaction and reference used 


Akermanite (Ca 2 MgSi 2 0 7 ) 


A1 (organically bound) 
Albite (NaAlSi 3 0 8 ) 


Al-Si spinel (2Al 2 0 3 -3Si0 2 ) 

Alumina (A1 2 0 3 ) 

Alunite (KA1 3 (S0 4 ) 2 (0H) 6 ) 

Amphibole (NaCa 2 (Mg,Fe,Al) 5 (Si,Al) 8 O 22 (0H) 2 ) 

Anhydrite (CaS0 4 ) 


Ankerite (Ca(Mg,Fe)(C0 3 ) 2 ) 


Anorthite (CaAl 2 Si 2 0 8 ) 

Apatite (Ca(P0 4 ) 3 (Ci,F,0H,C0 3 )) 
Aragonite (CaC0 3 ) 

Arcanite (K 2 S0 4 ) 


Ba (organically bound) 
Barite (BaS0 4 ) 

Bassanite (CaS0 4 0.5H 2 0) 
Biomass (C^HsoOjs) 


Biotite (K(MgFe) 3 AlSi 3 Oi 0 (OH,F) 2 ) 


Formation: crystallisation at 700-1300°C [376,377], 1161-1299°C [202], 1500-1600 °C [329] 

Formation: solid-state reaction at 700-1300 °C [376,377] 

Formation: melt crystallisation at 1161-1299 °C [202], 1500-1600 °C [329] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: oxidation to A1 2 0 3 at 500-700 "C [376,377] 

Formation: crystallisation at >575 “C [336], >900 °C [331], 930-980 ”C [333] 

Formation reaction: Al 2 0 3 -2Si0 2 (s) + 2NaCl(g) + H 2 0(g) -> Na 2 0-Al 2 0 3 -2Si0 2 (s) + 2HCl(g) [132,159,176] 
Formation reaction: 5Si0 2 + A1 2 0 3 Si0 2 + 2NaCl + H 2 0 -> 2NaAlSi 3 0 8 + 2HC1 (> 575 °C) [336] 

Formation reaction: 5Si0 2 + A1 2 0 3 Si0 2 + NaS0 4 ^ 2NaAlSi 3 0 8 + S0 3 (>575 °C) [336] 

Formation reaction: 2(Al 2 0 3 -2Si0 2 ) -» 2Al 2 0 3 -3Si0 2 + Si0 2 (970 °C) [75] 

Formation: crystallisation of amorphous alumina at 700-1300 °C [376,377] 

Transformation: dehydroxylation (530-550 °C) -» separation of A1 2 0 3 (730-740 °C) -> loss of S0 3 (820- 
830 °C) (references in [376,377]) 

Transformation: amphibole -* loss of combined water (440-470 °C) - oxidation of Fe 2 * (400- 

800 °C) -> dehydroxylation, decomposition and formation of meta-phases (750- 

850 °C) -► recrystallization to pyroxene, hematite, cristobalite (1000-1150 °C) (references in [376,377]) 

Formation: crystallisation at 100-1000 “C [376,377,389], 500-815 °C [343], >575 °C [336], 630-1000 “C 

[333] 

Formation: gypsum dehydration at 100-300 °C [376,377,389] 

Formation: bassanite dehydration at 200-400 °C [376,377] 

Formation: sulphation of CaO released from organic matter at 200-1000 °C [376,377,389] 

Formation: sulphation of CaO released from calcite, ankerite and dolomite at 500-1000 °C [389] 

Formation reaction: CaO + H 2 S0 4 (or H 2 0 + S0 2 + 0.5O 2 ) -* CaS0 4 + H 2 0 [387] 

Formation reaction: CaO(s) + S0 3 (g) -> CaS0 4 (s,l) [346] 

Formation reaction: CaO + S0 2 + 0.5O 2 -> CaS0 4 [79,336,387] 

Formation reaction: 2CaO(s) + 2S0 2 (g) + 0 2 -> 2CaS0 4 (s) [355] 

Transformation: desulphation at 800-1300 °C [376,377,389] 

Formation: carbonation of Ca, Mg and Fe oxyhydroxides at 200-400 °C [376,377] 

Transformation: decarbonation at 500-800 °C [376,377,389] 

Transformation: decarbonation to lime, periclase and wustite as two stages process: (1) at 610-770 °C 
(mostly 727 °C); and (2) at 900 °C (references in [376,377]) 

Formation: solid-state reaction at 800-1100 °C and melt crystallisation at > 1100 °C [376,377] 
Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: decomposition at 1400 °C (references in [376,377]) 

Transformation: polymorphic to calcite at 390-420 °C (references in [376,377]) 

Formation: crystallisation at 200-900 "C [389], 400-1000 °C [20], >400 °C [310], 500-815 °C [343], 

600 °C [261], 650-900 “C [66] 

Formation: sulphation of K 2 0 released from organic matter at 200-800 °C [389] and jarosite at 300- 
900 "C [389] 

Formation reaction: 6KCl(s,l) + Fe 2 0 3 (s) 8 3S0 2 (g) + 1.50 2 (g) -> 3K 2 S0 4 (s) + 2FeCl 3 (s,l,g) [65] 

Formation reaction: 2KCl(s) + S0 2 (g) + 0 2 (g) K 2 S0 4 (s) + Cl 2 (g) [65,260] 

Formation reaction: 2KCl(s,g,l) + S0 2 (g) + 0.5O 2 (g) + H 2 0(g) - K 2 S0 4 (s,g,l) + 2HCl(g) 
[56,65,132,176,199,235,260,281,387] 

Formation reaction: 4KCl(s,g) + 2S0 2 (g) + 0 2 (g) + 2H 2 0(g) -* 2K 2 S0 4 (s,g) + 4HCl(g) [208,311 ] 

Formation reaction: 2KOH(g) + S0 3 (g) -> K 2 S0 4 (l,g) + H 2 0(g) [346] 

Formation reaction: 2KOH(g) + S0 2 (g) + 0.50 2 (g) -> K 2 S0 4 (g,l,s) + H 2 0(g) [235,387] 

Formation reaction: KS0 3 C1 + H 2 0 -> KHS0 4 + HC1; and I<HS0 4 + KC1 -> IC 2 S0 4 + HC1 [208] 

Transformation: a-arcanite -> p-arcanite (578 °C) -► K 2 S0 4 evaporation (1200 °C) [165,210] 

Transformation: desulphation at 800-1100 °C [389] 

Transformation: desulphation and kaliophilite formation at 900 °C [42] 

Transformation: oxidation to BaO at 200-700 °C [389] 

Formation: sulphation of Ba oxide released from organic matter at 200-900 °C [376,377,389] 
Transformation: desulphation at 900-1300 °C [376,377,389], 1582 °C (references in [376,377]) 

Formation: gypsum semi-dehydration at 100-300°C [376,377,389] 

Transformation: dehydration at 200-400 °C [376,377] 

Transformation: combustion reaction such as C 42 H 60 O 28 + 430 2 -> 42C0 2 + 30H 2 O + ash [350,353] 
Transformation: combustion reaction such as biomass + 0 2 -► charcoal + MO + MC0 3 + C0 2 + H 2 0 (M is 
mostly Ca, Mg, K, Na) [12] 

Transformation: release of elements (Al, Ba, C, Ca, Cl, Fe, H, K, Mg, N, Na, O, P, S, Si, Ti, trace elements) 
associated with organic matter during combustion mostly at 200-700 °C [376,377,389] 

Transformation: gasification such as biomass + some air -> fuel gas 
(CO + H 2 + CH 4 + C0 2 + N 2 + H 2 0) + char, tar and ash [391 ] 

Transformation: pyrolysis in inert atmosphere such as C 3 (H 2 0) 2 - CHO intermediates (C, PI0CH 2 , H 2 0, 
char, tars, oils, water) -» char with inorganic matter + exothermal (C0 2 , CH 4 ) and endothermal (CO, H 2 ) 
gas production [85] 

Transformation: crystallisation of magnetic spinel, maghemite, leucite and mullite at >1100°C 
(references in [376,377]) 

(continued on next page) 
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Table 8 ( continued ) 


Phase, mineral 

Formation, transformation or reaction and reference used 

Boehmite (y-AlOOH) 

Brucite (Mg(0H) 2 ) 

Transformation: dehydroxylation to oe-Al 2 0 3 at 450-580 °C (references in [376,377]) 

Formation: hydroxylation of Mg oxide at ^400 °C [376,377] 

Transformation: dehydroxylation to periclase at 320 °C [219], 350-450 °C (references in [376,377]); 400- 
500 °C [376,377] 

Ca aluminosilicates 

Formation: CaO + A1 2 0 3 + Si0 2 -> Ca aluminosilicates (>950 °C) [79] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Ca arsenate (Ca 3 (As0 4 ) 2 ) 

Ca bicarbonate (Ca(HC0 3 ) 2 ) 

Formation reaction: 3CaO + As 2 0 3 + 0 2 -> Ca 3 (As0 4 )2 (>500 °C) [79] 

Formation reaction: CaC0 3 + H 2 0 + C0 2 -> Ca(HC0 3 ) 2 (as Ca bicarbonate solution at ambiente 
temperature) [12] 

Ca chloride (CaCl 2 ) 

Formation reaction: CaO(s) + 2HCl(g) -► CaCl 2 (s,l,g) + H 2 0(g) (550-700 °C) [132,159,235,311,346,387] 
Formation reaction: CaC0 3 + 2HC1 -> CaCl 2 + H 2 0 + C0 2 [387] 

Formation reaction: Ca(OH) 2 + 2HC1 -> CaCl 2 + 2H 2 0 [387] 

Calcite (CaC0 3 ) (see also Ca oxalates) 

Formation: crystallisation at 300-600 °C [79], 400-650 °C [20], >400 °C [310], 420 °C [116,185], <500 °C 

[376.377] ,500 °C [146,253] 

Formation: carbonation of Ca oxyhydroxides at <500 °C [376,377] 

Formation reaction: 2CaC 2 0 4 + 0 2 - 2CaC0 3 + 2C0 2 (420 °C) [116,185] 

Formation reaction: CaC 2 0 4 - CaC0 3 + CO (500 °C) [146,253] 

Formation reaction: CaO(s) + C0 2 (g) -> CaC0 3 (s) [346,355] 

Formation reaction: Ca(OH) 2 + C0 2 -► CaC0 3 + H 2 0 [12,36,48,49] 

Transformation: decarbonation to lime at 400-850 “C [133], 500-900 °C [376,377,389[, 600-780 °C [156], 
615-775 °C [20], 645 °C [332], 650-900 "C [14], 700-950 °C and mostly 877-927 °C (references in 

[376.377] ), 750 "C [390] 

Ca-K carbonates 

Transformation: decarbonation at 600-900 °C [14] 

Ca-Mg silicates (Ca 2 MgSi 2 0 7 , CaMg(Si0 3 ) 2 ) 

Formation: crystallisation at 1000-1150 °C [20], 1100-1300 °C [376,377] 

Formation: melt crystallisation at 1100-1300 °C [376,377] 

Formation: reaction of dolomite (CaMg(C0 3 ) 2 ) with Si0 2 - CaMg(Si0 3 ) 2 , Ca 2 MgSi 2 0 7 and MgSi0 3 [42] 
Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Ca-Na aluminosilicate (Ca 0 gNao.jAlj 8 Si 2 2 0 8 ) 

Ca (organically bound) 

Ca oxalates (weddelite, CaC 2 0 4 -2H 2 0 and whewellite, 
CaC 2 0 4 H 2 0) 

Formation: crystallisation at 530 °C [261] 

Transformation: oxidation to lime at 200-700 °C [389], 300-600 °C [376,377] 

Transformation of whewellite: CaC 2 0 4 H 2 0 -> CaC 2 0 4 + H 2 0 (170-200 °C) - CaC0 3 + CO (300- 
600 °C) -> CaO + C0 2 (700-1000 °C) [79] 

Transformation of dehydrated weddelite and whewellite: 2CaC 2 0 4 + 0 2 ^ 2CaC0 3 + 2C0 2 at 420 °C 
[116,185], 500 °C [253], 500-700°C [146,185] 

Ca phosphates (Ca 3 (P0 4 ) 2 , Ca 3 P 2 0 8 ) 

Formation: crystallisation of Ca 3 (P0 4 ) 2 at 1200-1600 °C [329] 

Formation reaction: 3CaO(s) + P 2 0 5 (g) -> Ca 3 P 2 0 8 (s) [346] 

Carbohydrates 

Carbonates 

Transformation: decomposition at 180-270 °C [254] 

Formation: crystallisation at 400-650 °C [20] 

Transformation: decarbonation at 500-800 °C [254], 500-900 °C [376,377,389], 600-800 °C [185,210], 
700-800 °C [201 ], 700-1050 °C [79] 

Transformation: decarbonation of Ca-Mg-K-Na carbonates to CaO + MgO + K 2 0 + Na 2 0 + C0 2 at 700- 
1050 °C [79] 

Ca selenate 

Formation reaction: CaO + Se0 2 + 0.50 2 -> CaSe0 4 [79] 

Ca silicate hydrate (Ca0SiO 2 H 2 O) 

Formation (puzzolanic) reaction: Si0 2 + Ca(OH) 2 + H 2 0 > Ca silicate hydrate (ambient temperature) [36] 
Transformation: dehydration at 135-185 °C [283] 

Ca silicates 

Formation: crystallisation at 400-1300 °C [376,377], 900 °C [20] 

Formation: interaction between quartz and calcite at 400-800 °C [376,377] 

Formation: interaction between quartz and anhydrite at 400-1300 °C [376,377] 

Formation: melt crystallisation at 1100-1300 °C [376,377] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Celestine (SrS0 4 ) 

Cellulose ((QHioOs)* CH t 67 O 08 3 , (C 5 H 10 O 5 )„ C 6 H 10 05 or 
C b (H 2 0) 5 ) 

Transformation: desulphation to Sr oxide at 1005 °C (references in [376,377]) 

Transformation: decomposition/oxidation at 240-360 °C [189], 250-360 °C [16], 250-400 “C [347], 270- 
370 °C [254], 280-400 °C [350], 305-375 °C [285,296], 315-400 °C [233], 350-500 °C [308] 

Transformation: peak decomposition/oxidation at 325 °C [209], 330 °C [319], 340-370 °C [24], 351-375 
[146], 354 [308], 357 °C [347] 

Cellulose-hemicellulose 

Transformation: decomposition/oxidation at 177-377 °C [144], 180-270 °C [254], 200-370 °C [332], 250- 
350 °C [24] 

Chalcedony (Si0 2 ) 

Chalcocite (Cu 2 S) 

Chalcopyrite (CuFeS 2 ) 

Formation and transformation: crystallisation and recrystallization at <300 °C) [376,377] 

Transformation to CuS0 4 and CuO at 520 °C (references in [376,377]) 

Transformation to Cu 5 FeS 4 , CuS0 4 , CuO, Cu 2 0 and hematite at 530-600 °C (references in [376,377]) 

Char decomposition/oxidation at 370-490 °C [332], 380-600 °C [338], 450-720 °C [16], 500-900 °C [367], 
550-900 °C [350], 600-700 °C [75], 820-950 °C [72] 

Chlorite ((MgFe) 5 Al 2 Si 3 O 10 (OH) 8 ) 

Transformation: chlorite -> decomposition of brucite layer (550-750 °C) -> dehydration of talc layer 
(750-820 °C) -> additional dehydration (820-860 °C) -> crystallisation of olivine (>860-900 °C) 

(references in [376,377]) 
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Table 8 (continued) 
Phase, mineral 


Clay minerals (see specific clay minerals) 


Corundum (A1 2 0 3 ) 

Covelline (CuS) 

Cristobalite (Si0 2 ) (see silica minerals) 

Diaspore (a-AlOOH) 

Diopside (CaMgSi 2 0 6 ) 


Dolomite (CaMg(C0 3 ) 2 ) 


Ettringite(Ca B Al 2 (S0 4 ) 3 (0H) 12 -26H 2 0) 


Extractives 

Fairchildite (K 2 Ca(C0 3 ) 2 ) 
Fe chlorides (FeCl 2 , FeCl 3 ) 


Fe chloride and Na oxide 
Fe (organically bound) 

Fe phosphate (FeP0 4 ) 

Fe sulphates (FeS0 4 , Fe 2 (S0 4 ) 3 ) 


Galena (PbS) 

Gehlenite (Ca 2 Al 2 Si0 7 ) 


Gibbsite (a-AltOH^) 
Glass (or melt) 


Goethite (a-FeOOH) 

Gypsum (CaS0 4 -2H 2 0) 


Halite (NaCl) 


Formation, transformation or reaction and reference used 
Transformation: dehydroxylation at 600-900 °C [376,377] 

Transformation: crystal lattice destruction at 800-1100 °C [376,377] 

Transformation: crystallisation of amorphous and cryptomere clay minerals at 200-300 °C [376,377] 
Transformation: loss of crystallisation water and consequent structural collapse and amorphization at 
400-700 °C [116] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: covelline - chalcocite (370 °C) -> CuS0 4 and CuO (520 °C) (references in [376,377]) 
Formation: crystallisation at 718-767 °C [201] and melt crystallisation at 1100-1400 °C [376,377] 
Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation to a-Al 2 0 3 at 540-585 °C (references in [376,377]) 

Formation: crystallisation at 1000-1150 °C [20], 1100-1300 °C [376,377], 1163-1263 °C [202] 
Formation: melt crystallisation at 1100-1300°C [376,377], 1163-1263 °C [202] 

Formation: reaction of dolomite with Si0 2 -> CaMgSi 2 0 6 [42] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Formation: carbonation of Ca and Mg oxyhydroxides at 300-500 °C [376,377] 

Formation: crystallisation at >400 °C [310] 

Transformation: decarbonation as two stages process: (1) MgC0 3 part forms MgO at 650-750 °C; and (2) 
CaC0 3 part is decomposed to CaO at 800-900 °C [42] 

Transformation: decarbonation as two stages process: (1) formation of calcite and periclase at 740-800 °C 
(mostly 745 °C); and (2) formation of lime at 815-930 °C (mostly 870 °C) (references in [376,377]) 
Transformation: decarbonation at 500-900 °C [376,377,389] 

Formation reaction: Ca 3 Al 2 0 6 + 3CaS0 4 -2H 2 0 + 26H 2 0 - CaeAl 2 (S0 4 ) 3 (0H), 2 -26H 2 0 [36], or 
Ca 3 Al 2 0 6 + 3CaS0 4 + 32H 2 0 -> Ca6Al 2 (SO 4 ) 3 (OH) 12 -26H 2 0 [48,49] 

Transformation: dehydration at 135-185 °C [283] 

Transformation: peak decomposition at 180 °C [146] 

Formation: crystallisation at >400 °C [310] 

Formation reaction: FeCl 2 + HC1 + 0.25O 2 -* FeCl 3 + 0.5H 2 O [65] 

Formation reaction: Fe 2 0 3 + 6HC1 -* 2FeCl 3 + 3H 2 0 [387] 

Formation reaction: Fe 3 0 4 + 8HC1 FeCl 2 + 2FeCl 3 + 4H 2 0 [387] 

Formation reaction: Fe 2 0 3 (s) + 6KCl(s,l) + 3S0 2 (g) + 1.50 2 (g) - 2FeCl 3 (s,l,g) + 3K 2 S0 4 (s) [65] 

Formation reaction: Fe 2 0 3 (s) + 6NaCl(s,l) -* 2FeCl 3 (g) + 3Na 2 0(s,l) [65] 

Transformation: oxidation to hematite at 200-700 "C [376,377,389] 

Formation: crystallisation at 630 ; C [333] 

Formation: sulphatation of sulphides (ambient temperature) and sulphatation of Fe oxide originated from 
pyrite and marcasite (100-500 °C), organic matter (200-700 °C), jarosite (300-900 °C), siderite (400- 
800 "C) and ankerite (500-800 °C) [389] 

Formation reaction: 2FeCl 3 (s,l,g) + 3S0 2 (g) + 30 2 (g) -> Fe 2 (S0 4 ) 3 (s) + 3Cl 2 (g) [65] 

Transformation: desulphation of Fe 2 (S0 4 ) 3 to hematite at 480-810 °C (references in [376,377]) 
Transformation: desulphation of FeS0 4 to hematite at 500-900 °C [389], 603-810 °C (references in 

[376.377] ) 

Transformation to PbS0 4 and PbO at 840 °C (references in [376,377]) 

Formation: crystallisation at >575 °C [336], 700-1300 °C [376,377], >900 °C [331] 

Formation: solid-state reaction at 700-1300 °C [376,377] 

Formation reaction: Si0 2 + A1 2 0 3 + 2CaO -* Ca 2 Al 2 Si0 7 (>575 °C) [336] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: gibbsite boehmite (325-330 °C) -> a-Al 2 0 3 (500-550 °C) (references in [376,377]) 
Formation: initial melt/glass at 400-600 °C [131 ], 515 °C [311], 572 °C [201 ], 584-815 [261], 600 °C 
[188,220], 600-815 °C [261,338], 620-825 “C [97], 950 °C [168] 

Formation: initial silicate melt/glass at 550-900 °C [42], 816 °C [201], 982 °C [202], 1050 °C [79] 
Formation: silicate melt/glass at 816-1325 °C [201], 1100-1200 °C [48] 

Formation: melt cooling and vitrification at 1100-1600 °C [376,377] 

Formation: hydroxylation of Fe oxide at <200 °C [376,377] 

Transformation: dehydroxylation to hematite at 190-380 °C (references in [376,377]), 400-600 °C 

[376.377] 

Formation: precipitation of solution at <200 °C [376,377] 

Formation: hydration of bassanite and anhydrite (ambient temperature) [376,377] 

Formation reaction: CaS0 4 + 2H 2 0 - CaS0 4 -2H 2 0 [48] 

Transformation: gypsum -> bassanite (100-150 °C, mostly 145 °C) > y-anhydrite (150-200 °C, mostly 
174 °C) p-anhydrite (350-370 °C, mostly 364 °C) ^ lime (900-1300 “C, mostly 1050-1220 °C) 
(references in [376,377]) 

Transformation: dehydration at 100-300 °C [376,377,389] 

Transformation reaction: CaS0 4 -2H 2 0 -> CaS0 4 + 2H 2 0 (>575 °C) [336] 

Formation: crystallisation at 600 °C [261 ] 

Formation reaction: Na + HCl(g) + O -> NaCl + OH [174] 


(continued i 
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Phase, mineral 

Formation, transformation or reaction and reference used 

Hatrurite (Ca 3 Si0 5 ) 

HBr 

Formation reaction: NaOH(g) + HCl(g) -> NaCl(g,l) + H 2 0(g) [346] 

Formation: crystallisation at > 525 °C [129] 

Formation reaction: Br 2 + H 2 0 > 2HBr + 0.5O 2 [387] 

HCl 

Formation at 200-400 °C [59] 

Formation reaction: Cl 2 + H 2 0 -+ 2HC1 + 0.50 2 [387] 

HC1 and S0 3 

Formation reaction: Cl 2 + S0 2 + H 2 0 -*■ S0 3 + 2HC1 (Cl capture by S) [211] 

Hematite (Fe 2 0 3 ) 

Formation: crystallisation at 100-1400 °C [376,377,389], >575 °C) [336], 630-1000 °C [333] 

Formation: from oxidation of pyrite and marcasite (100-500 °C), organic matter (200-700 °C), jarosite 
(300-900 °C), siderite (400-800 °C) and ankerite (500-800 °C) [389] 

Formation: melt crystallisation at 1100-1400 °C [376,377] 

Formation reaction: 2FeCl 2 + 1.50 2 -* Fe 2 0 3 + 2C1 2 [260] 

Formation reaction: 2FeC0 3 + 0.5O 2 - Fe 2 0 3 + 2C0 2 (>575 °C) [336] 

Formation reaction: Fe 3 0 4 + FeCl 2 + 0 2 -► 2Fe 2 0 3 + Cl 2 [260] 

Formation reaction: 4FeS 2 + 110 2 * 2Fe 2 0 3 + 8S0 2 (references in [336,376,377]) 

Formation reaction: 4FeS 2 + 150 2 + 8H 2 0 - 2Fe 2 0 3 + 8H 2 S0 4 (>575 °C) [336] 

Transformation: reduction at 900-1400 °C [376,377] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Hemicellulose ((C 5 Hs0 4 )„, CH 1 . 64 O 0 . 7 s or C 5 (H 2 0) 4 ) 

Transformation: decomposition/oxidation at 150-350 °C [347], 190-320 °C [350], 200-260 “C [189], 200- 
270 °C [254], 220-315 °C [233], 220-320 °C [16], 225-325 °C [285,296], 250-350 °C [308] 

Transformation: peak decomposition/oxidation at 230 °C [209], 287 °C [347], 290 °C [319], 299 °C [308], 

300 °C [146] 

Hexahydrite (MgS0 4 .6(H 2 0)) 

Illite ((KH 2 0)Al 2 (AlSi)Si 3 Oio(OH) 2 ) 

Transformation: dehydration at 100-200 °C [376,377] 

Transformation: illite -► release of adsorbed and interlayer water (50-200 °C) -*■ dehydroxylation without 
lattice destruction (370-700 °C) -t lattice destruction (850-950 °C) > formation of spinel and amorphous 
phase (900-1000 °C) -► formation of amorphous Si0 2 and leucite (1000-1100 °C) -»crystallisation of 
quartz or cristobalite, cordierite, enstatite, mullite, corundum and spinel (1100-1300 °C) (references in 
[376,377]) 

Transformation: illite -> dehydration (50-200 °C) -> dehydroxylation (600-900 °C) -*■ crystal lattice 
destruction (700-1100 °C) [376,377] 

Inorganic amorphous matter 

Jadeite (NaAlSi 2 0 6 ) 

Jarosite (KFe 3 (S0 4 ) 2 (0H) 6 ) 

Formation: amorphization of inorganic matter at 550 °C [116] 

Formation: crystallisation at 600 °C [261] 

Transformation: jarosite -» dehydroxylation (470-480 °C) -* loss of S0 3 (800 °C) (references in [376,377]) 
Transformation: dehydroxylation and desulphation at 300-900 °C [376,377,389] 

Kalicinite (KHC0 3 ) 

Kaliophilite (KAlSi0 4 ) 

Kalsilite-kaliophilite (KAlSi0 4 ) 

Transformation reaction: 2KHC0 3 -► K 2 C0 3 + C0 2 + H 2 0 (100-200 °C) [344] 

Formation reaction: Al 2 Si 2 0 5 (OH) 4 + 2KC1 - 2KAlSiO„ + H 2 0 + 2HC1 (700-800 °C) [42] 

Formation: crystallisation at 700-900 °C [42], >815 °C [310] 

Formation reaction: Al 2 0 3 -2Si0 2 (s) + 2KCl(g,l,s) + H 2 0(g) -► 2KAlSi0 4 (s) + 2HCl(g) [235,310,333] 

Formation reaction: Al 2 0 3 -2Si0 2 (s) + 2KOH(g) - K 2 0A1 2 0 3 2Si0 2 (s) + H 2 0(g) [235] 

Formation reaction: Al 2 Si 2 0 5 (OH) 4 + 2KC1 -* 2KAlSi0 4 + H 2 0 + 2HC1 (700-900 °C) [42] 

Formation reaction: Al 2 Si 2 0 5 (OH) 4 + K 2 C0 3 -> 2KAlSi0 4 + 2H 2 0 + C0 2 (700-900 °C) [42] 

Formation reaction: Al 2 Si 2 0 5 (OH) 4 + IC 2 S0 4 - 2KAlSi0 4 + 2H 2 0 + S0 3 (700-900 "C) [42] 

K-Al sulphate (K 3 A1(S0 4 ) 3 ) 

Formation: reaction between kaolinite and arcanite -> K 3 A1(S0 4 ) 3 + muscovite (700 °C) [42] 

Transformation: desulphation at 690-800 °C [42] 

K aluminosilicate 

Formation reaction: Al 2 0 3 Si0 2 (s) + K 2 S0 4 (g,l,s) - K 2 0 Al 2 0 3 Si0 2 (s) + S0 2 (g) + 0.50 2 (g) (700-800 °C) 

[59,235] 

Kaolinite (Al 2 Si 2 0 5 (0H) 4 ) 

Transformation: kaolinite -► release of adsorbed and interlayer water (100-150 °C) -> dehydroxylation 
and lattice destruction (450-650 °C) -* formation of mullite, sillimanite, spinel, y-Al 2 0 3 , amorphous Si0 2 
(920-1030 °C) -> crystallisation of amorphous Si0 2 to cristobalite, y-Al 2 0 3 to corundum and sillimanite to 
mullite (1200-1300 °C) (references in [376,377]) 

Transformation: kaolinite -> dehydration (50-200 °C) -> dehydroxylation (600-900 °C) -> crystal lattice 
destruction (300-1100 °C) [376,377] 

K-bearing oxides (K 2 M0 4 , K 2 M 2 0 4 , K 2 M0 2 ) 

Formation reaction: M(s) + 2KCl(g) + 20 2 (g) -► K 2 M0 4 (s,l) + Cl 2 (g) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: M 2 0 3 (s) + 2KCl(s,l) + 0.5O 2 (g) -► K 2 M 2 0 4 (s,l) + Cl 2 (g) (M is mostly Fe, Cr and Ni) [65] 
Formation reaction: 0.5M 2 O 3 (s) + 2KCl(s,l) + 1.250 2 (g) - K 2 M0 4 (s,l) + Cl 2 (g) (M is mostly Fe, Cr and Ni) 

[65] 

Formation reaction: M 2 0 3 (s) + 4KCl(g) + 2.50 2 (g) -> 2K 2 M0 4 (s,l) + 2Cl 2 (g) (M is mostly Fe, Cr and Ni) [65] 
Formation reaction: MO(s) + K 2 0(s,l) - K 2 O MO(s,l) (M is mostly Fe, Cr and Ni) [65] 

K carbonate (K 2 C0 3 ) 

Formation: crystallisation at 200-400 °C [59], 500-900 °C [367] 

Formation reaction: 2KOH(g) + C0 2 (g) -* K 2 C0 3 (l,g) + H 2 0(g) [346] 

Transformation: decarbonation at 830-1000 °C [59], 840 °C [97], >900 °C [14] 

K-Ca silicate (K 2 CaSi0 4 ) 

Formation: crystallisation of K 2 CaSi0 4 at >525 °C) [129], 700-1000 °C [20] 

Formation: reaction of CaO(s) + K 2 Si0 3 (l) -> K-Ca silicate (1) [346] 

K (elemental) 

K feldspars (see orthoclase and sanidine) 

Formation reaction: KC1(1) + 0.5H 2 - K(g) + HCl [387] 

Formation: crystallisation at 400-1000 °C [20], >575 °C [336], 1100-1300 °C [376,377] 

Formation: melt crystallisation at 1100-1300 °C [376,377] 
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Table 8 (continued) 
Phase, mineral 


K-Fe oxides (K 3 Fe0 2 , K 2 Fe 2 0 4 ) 

K-Fe sulphate (K 3 Fe(S0 4 )3) 

K hydroxide (KOH) 

K (organically bound) 

K oxide (K 2 0) 

K perchlorate (KC10 4 ) 

K phosphate (KP0 3 , K 5 P30 10 ) 

K silicates (K 2 Si0 3 , K6Si 2 0 7 , K 2 0.nSi0 2 ) 




(Ca 2 Si0 4 ) 


Lepidocrocite (y-FeOOH) 
Leucite (KAlSi 2 0 B ) 


Lignin ([C9H 10 0 3 (OCH 3 )o.9-i.7] n , C 9 H, 0 0 2 , C,oHn0 3 .5, 
C 10 H 12 O 3 , C„H 14 0 4 , C^H^Og or C^oHmOm) 


Lime (CaO) 


Maghemite (y-Fe 2 0 3 ) 
Magnesite (MgC0 3 ) 
Magnetite (FeFe 2 0 4 ) 


Marcasite (FeS 2 ) 

Melanterite (FeS0 4 -7H 2 0) 

Melilite (see akermanite and gehlenite) 

Metakaolinite (Al 2 Si 2 0 5 ) 

Metal (elemental form) 


Formation, transformation or reaction and reference used 


Formation reaction: Al 2 0 3 -2Si0 2 (s) + 2KCl(g) + H 2 0(g) -> K 2 0.AI 2 0 3 2Si0 2 (s) + 2HCl(g) [132,159,176] 
Formation reaction: 5Si0 2 + A1 2 0 3 Si0 2 + K 2 S0 4 -> 2KAlSi 3 O s + S0 3 (>575 °C) [336] 

Formation: crystallisation of K 3 Fe0 2 at >400 °C [310] 

Formation reaction: K 2 C0 3 + Fe 2 0 3 -► K 2 Fe 2 0 4 + C0 2 [72,102] 

Formation reaction: K 2 0 + Fe 2 0 3 - K 2 Fe 2 0 4 [102] 

Formation reaction: 12KCl(s,l) + 2Fe 2 0 3 (s) + 12S0 2 (g) + 90 2 (g) 4K 3 Fe(S0 4 ) 3 (s,l) + 6Cl 2 (g) [65] 

Formation reaction: 3K 2 S0 4 (s) + Fe 2 0 3 (s) + 3S0 2 (g) -> 2K 3 Fe(S0 4 ) 3 (s,l) [65] 

Formation at 830-1000 °C [59] 

Formation reaction: K(g) + OH(g) -» KOH(g) [174] 

Formation reaction: KCl(g) + H 2 0 -> KOH(g) + HCl(g) [174,387] 

Transformation: oxidation to K 2 0 at 200-700 °C [389] 

Formation reaction: 2 K(g) + 0.5O 2 - K 2 0(1) [68] 

Formation: crystallisation at <250 °C [22] 

Transformation: decomposition at 200-700 °C [22] 

Formation: crystallisation of K 5 P 3 O 10 at 1200-1600 °C [329] 

Formation reaction: 2KOH(g) + P 2 0 5 (g) -► 2KP0 3 (l,g) + H 2 0(g) [346] 

Formation: crystallisation of K silicates at 530 °C [261], 700-830 °C [59], 850-1150 "C [133] 

Formation: crystallisation of K 6 Si 2 0 7 at 530 °C [261 ] 

Formation reaction: Si0 2 (s) + KCl(g) + H 2 0(g) -* K 2 Si0 3 (l,s) + 2HCl(g) [355] 

Formation reaction: Si0 2 + 2KC1(1) + H 2 0 - K 2 Si0 3 + 2HC1 [387] 

Formation reaction: 3Si0 2 (s) + 2KCl(g,l,s) + H 2 0(g) -> K 2 0.3Si0 2 (s) + 2HCl(g) [235] 

Formation reaction: 4Si0 2 + K 2 C0 3 -> I< 2 0.4Si0 2 + C0 2 [72,102] 

Formation reaction: nSi0 2 + K 2 C0 3 -> K 2 0 nSi0 2 + C0 2 (850-1150 “C) (n = 1, 2,4) [133] 

Formation reaction: Si0 2 (s) + 2KOH(g) -> K 2 Si0 3 (l,s) + H 2 0(g) [235,346,355] 

Formation reaction: Si0 2 (s) + K 2 S0 4 (g,l,s) K 2 0 Si0 2 (s) + S0 2 (g) + 0.5O 2 (g) [235] 

Formation: crystallisation at 500-1200 °C [376,377], >525 °C [129], >600 °C) [310], 718-1425 °C [201 ], 
1249-1541 °C [202] 

Formation: reaction between calcite and wollastonite at 500-900 °C [376,377] 

Formation: solid-state reactions at 500-1200 °C [376,377] 

Formation: melt crystallisation (1249-1541 °C) [202] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: lepidocrocite -» maghemite (304 °C) > hematite (508 °C) (references in [376,377]) 
Formation: melt crystallisation at 1134-1217 °C [202] 

Formation: a reaction product between the alkali rich melt and mullite (ceramic lining) [369] 

Formation reaction: 2Si0 2 + Al 2 Si 2 0 5 (OH) 4 + K 2 S0 4 2KAlSi 2 0 6 + 2H 2 0 + S0 3 [42] 

Formation reaction: 2Si0 2 + Al 2 Si 2 0 5 (OH) 4 + 2KC1 - 2KAlSi 2 0 6 + H 2 0 + 2HC1 [42,333] 

Transformation: decomposition/oxidation at 160-900 °C [233], 180-500 °C [16], 200-600 "C [146], 250- 
500 °C [285,296], 277->600 °C [319], 280-500 "C [189], 320-450 °C [350], 350-500 °C [24], 350-700 °C 
[347], 370-490 °C [332], >500 °C [308] 

Transformation: peak decomposition/oxidation: (350-450 °C) [189], (482 °C) [308], (510-520 °C) [24], 
(527 °C) [144] 

Formation: crystallisation at 200-1300 “C [376,377,389], 400-850 °C [133], 500-900 °C [367], 600-780 “C 
[156], 615-775 °C [20], 645 °C [332], 650-900 °C [14], 700-950 °C and mostly 877-927 °C (references in 

[376.377] ), 700-1000 °C [79], 700-1150 °C [20], 750 °C [390], 900-1100 °C [327] 

Formation: oxidation of organically bound Ca at 200-700 °C [389] 

Formation from: ankerite decarbonation at 500-800 °C, calcite and dolomite decarbonation at 500- 
900 °C, anhydrite desulphation at 800-1300 °C [376,377,389] 

Formation reaction: CaC0 3 - CaO + C0 2 [253] 

Formation reaction: CaS0 4 ^ CaO + S0 3 (800-1300 "C) [376,377,389] 

Formation reaction: CaS0 4 + CO -► CaO + S0 2 + C0 2 [79] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Formation: crystallisation at 1000 °C [333] 

Transformation: to peridase at 560-650 ”C (references in [376,377]) 

Formation: melt crystallisation at 1100-1400 °C [376,377] 

Formation reaction: 3FeCl 2 + 20 2 ^ Fe 3 0 4 + 3C1 2 [260] 

Transformation: magnetite -► maghemite (275-375 °C) * hematite (590-650 °C) (references in 

[376.377] ) 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: polymorphic to pyrite at 100-400 °C [376,377], 400-460 °C (references in [376,377]) 
Transformation: oxidation to Fe sulphates at < 500 °C [376,377,389] 

Transformation to hematite at 482 °C (references in [376,377]) 

Formation: solid-state reaction at 700-1300 °C [376,377] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Formation: Al 2 Si 2 0 5 (0H) 4 -> Al 2 0 3 -2Si0 2 + 2H 2 0 [159,333] 

Formation reaction: M + CO/C -► M + C0 2 [75] 
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Table 8 ( continued ) 

Phase, mineral Formation, transformation or reaction and reference used 


Metal chlorides (MCI, MC1 2 ) 


Metal oxide and chloride (M 2 0 3 , MCI) 
Metal sulphates (MS0 4 , M 2 S0 4 ) 


Mg chloride (MgCl 2 ) 


Mg (organically bound) 
Mg sulphate (MgS0 4 ) 


Monticellite (CaMgSi04) 


Montmorillonite ((NaCa) 0 . 3 (AlMgFe) 2 Si 4 0,o(OH) 2 xH 2 0)) 


Mullite (Al 6 Si 2 0 13 ) 


Muscovite (KAl 2 AlSi 3 O 10 (OH,F) 2 ) 


Na (elemental form) 

Na-Fe oxide (Na 2 Fe 2 0 4 ) 

Na-Fe sulphate (Na 3 Fe(S0 4 ) 3 ) 

Na hydroxide (NaOH) 

Na-Mg silicate (Na(Mgo. 5 Sio. 5 )0(Si 2 0 6 ) 
Na oxide (Na 2 0) 

Na silicate (Na 2 Si0 3 ) 

Natrite (Na 2 C0 3 ) 


Formation reaction: M(s) + Cl 2 (g) - MC1 2 (s) [54,65,75] 

Formation reaction: M(s) + 2HCl(g) -r MCl 2 (g) + H 2 (g) (M is mostly Fe, Cr and Ni) [54,65] 

Formation: MCl 2 (s) > MCl 2 (g) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: MO(s) + 0.5Cl 2 (g) -» MCl(s,l,g) + 0.5O 2 (g) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: MO + 2HC1 -» MC1 2 + H 2 0 [54] 

Formation reaction: M + C0 2 -> MO x + CO [75] 

Formation reaction: M + 0 2 -* MO x [75] 

Formation reaction: 4M(s) + 30 2 (g) -> 2M 2 0 3 (s) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: 2MCl 2 (g) + 1.50 2 (g) -> M 2 0 3 (s) + 2Cl 2 (g) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: 3MCl 2 (g) + 20 2 (g) > M 3 0 4 (s) + 3Cl 2 (g) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: 4 MCl 2 (g) + 30 2 (g) -> 2M 2 0 3 (s) + 4Cl 2 (g) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: 4MCl 2 (g) + 0 2 (g) + 4H 2 0(g) -» 2M 2 0 3 (s) + 8HCl(g) (M is mostly Fe, Cr and Ni) [65] 
Formation reaction: 4M(s) + 30 2 (g) + MCl(s.l) -> 2M 2 0 3 (s) + MCl(s,l) (M is mostly Fe, Cr and Ni) [65] 
Formation reaction: M + S0 2 + 0 2 -> MS0 4 [54] 

Formation reaction: MO + S0 2 + 0.5O 2 • MS0 4 [54] 

Formation reaction: 2MC1 + S0 2 + l/20 2 + H 2 0 ^ M 2 S0 4 + 2HC1 (M is mostly K and Na) [176] 

Formation reaction: MgC0 3 + 2HC1 -* MgCl 2 + H 2 0 + C0 2 [387] 

Formation reaction: MgO(s) + 2HCl(g) -> MgCl 2 (g,l) + H 2 0(g) [346,387] 

Formation reaction: Mg(OH) 2 + 2HC1 - MgCl 2 + 2H 2 0 [387] 

Transformation: oxidation to MgO at 200-700 °C [376,377,389] 

Formation: crystallisation at 200-1100 °C [389], >575 °C [336] 

Formation: sulphation of MgO released from organic matter at 200-1100 °C [389] and from ankerite and 
dolomite at 500-1100 °C [389] 

Formation reaction: MgO + H 2 S0 4 (or H 2 0 + S0 2 + 0.5O 2 ) -> MgS0 4 + H 2 0 [387] 

Formation reaction: MgO + S0 2 + 0.5O 2 -* MgS0 4 [79,336,387] 

Transformation: desulphation of MgS0 4 to periclase at 1100-1200 °C [389] and 1122-1124 °C (references 
in [376,377]) 

Formation: crystallisation at >575 °C [336], 600-1300 °C [376,377] 

Formation: solid-state reaction at 600-1300 "C [376,377] 

Formation reaction: CaO + MgO + Si0 2 -> CaMgSi0 4 (>575 °C) [336] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: montmorillonite -» release of adsorbed and interlayer water (100- 

180 °C) -► dehydroxylation without lattice destruction (500-730 °C) - lattice destruction (850- 

900 °C) -* formation of spinel and amorphous phase (900-950 °C) -► formation of quartz or cristobalite, 

cordierite, enstatite, mullite (1000-1300 °C) (references in [376,377]) 

Transformation: montmorillonite -» dehydration (50-200 °C) -> dehydroxylation (600-900 °C) -> crystal 
lattice destruction (800-1100 °C) [376,377] 

Formation: crystallisation at 800-1600 °C [376,377], 1150 °C [75] 

Formation: solid-state reaction at 800-1400 °C [376,377] 

Formation: melt crystallisation at 1100-1600 °C [376,377] 

Formation: 2(2Al 2 0 3 -3Si0 2 ) -> 2(3Al 2 0 3 -2Si0 2 ) + 5Si0 2 (1150 °C) [75] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Formation: reaction between kaolinite and sylvite -» muscovite (700-800 °C) -► corundum and quartz 
(900 °C) [42] 

Transformation: muscovite -> dehydroxylation (750-1000 °C) -> lattice destruction (1050- 
1100 ”C) -> crystallisation of a-Al 2 0 3 , y-AI 2 0 3 , leucite (>1050 °C) (references in [376,377]) 
Transformation: muscovite -> dehydroxylation (600-900 °C) -► crystal lattice destruction (700-1100 °C) 
[376,377] 

Formation reaction: M(s) + 2NaCl(g) + 20 2 (g) -> Na 2 M0 4 (s,l) + Cl 2 (g) (M is mostly Fe, Cr and Ni) [65] 
Formation reaction: M 2 0 3 (s) + 2NaCl(s,l) + 0.50 2 (g) -> Na 2 M 2 0 4 (s,l) + Cl 2 (g) (M is mostly Fe, Cr and Ni) 
[65] 

Formation reaction: 0.5M 2 0 3 (s) + 2NaCl(s,l) + 1.250 2 (g) - Na 2 M0 4 (s,l) + Cl 2 (g) (M is mostly Fe, Cr and Ni) 
[65] 

Formation reaction: M 2 0 3 (s) + 4NaCl(g) + 2.50 2 (g) -► 2Na 2 M0 4 (s,l) + 2Cl 2 (g) (M is mostly Fe, Cr and Ni) 
[65] 

Formation reaction: MO(s) + Na 2 0(s,l) -»Na 2 0.M0(s,l) (M is mostly Fe, Cr and Ni) [65] 

Formation reaction: NaCl(l) + 0.5H 2 * Na(g) + HC1 [387] 

Formation reaction: Na 2 0 + Fe 2 0 3 -» Na 2 Fe 2 0 4 [72] 

Formation reaction: 3Na 2 S0 4 (s) + Fe 2 0 3 (s) + 3S0 2 (g) -> 2Na 3 Fe(S0 4 ) 3 (s,l) [65] 

Formation reaction: Na(g) + OH(g) -> NaOH(g) [174] 

Formation reaction: NaCl(g) + H 2 0 -» NaOH(g) + HCl(g) [174,387] 

Formation: crystallisation at 530 °C [261] 

Formation reaction: 2Na(g) + 0.50 2 -> Na 2 0(l) [68] 

Formation reaction: Si0 2 + 2NaCl(l) + H 2 0 -* Na 2 Si0 3 + 2HC1 [59,387] 

Formation reaction: 2Si0 2 + Na 2 C0 3 -► Na 2 0 2Si0 2 + C0 2 [59,72] 

Formation reaction: 2NaOH(g) + C0 2 (g) -> Na 2 C0 3 (l,g) + H 2 0(g) [346] 
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Table 8 (continued) 


Phase, mineral 

Formation, transformation or reaction and reference used 

Natrofairchildite(Na 2 Ca(C0 3 ) 2 ) 

Transformation: decarbonation at 850 °C [219] 

Transformation: decomposition at 200-550 °C [116], 200-700 °C [22] 

Nitre (KN0 3 ) 

Formation: crystallisation at < 250 °C [22] 

Transformation: decomposition at 200-700 °C [22] 

NO* 

Formation reaction: N + 0 2 - NO x (NO, N0 2 , N 2 0) [353] 

Oldhamite (CaS) 

Opal (Si0 2 nH 2 0) (see silica minerals) 

Orthoclase (KAlSi 3 O s ) 

Formation: crystallisation at 500-815 °C [343] 

Formation and transformation: crystallisation and recrystallization at < 300 °C) [376,377] 

Transformation: orthoclase -> polymorphic transformation to sanidine (900 °C) -> decomposition and 
formation of leucite, nepheline, amorphous Si0 2 , sillimanite (900-1170 °C) (references in [376,377]) 
Transformation: polymorphic transformation to sanidine (900-1000 °C) [376,377] 

Periclase (MgO) 

Formation: crystallisation at 200-900 “C [389], >400 °C [310], >575 °C [336], 750-1150 "C [20], 815 °C 
[338], 816-1225 °C, [201], 1200-1600 °C [329], 1492-1541 °C [202] 

Formation: oxidation of organically bound Mg at 200-700 °C [389] 

Formation: from ankerite decarbonation at 500-800 °C, dolomite decarbonation at 500-900 °C [389] 
Formation: MgC0 3 - MgO + C0 2 (references in [376,377]) 

Formation: melt crystallisation at 1492-1541 “C [202] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Phosphates 

Pirssonite (Na 2 Ca(C0 3 ) 2 .2H 2 0) 

Plagioclases (see albite and anorthite) 

Formation: melt crystallisation at 1064-1154°C [202] 

Transformation: dehydration at 200 °C [219] 

Formation: melt crystallisation at 1100-1300 °C [376,377] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Polychlorinated dibenzo-p-dioxins (PCDD) and 
dibenzofurans (PCDF) 

Portlandite (Ca(OH) 2 ) 

Formation: 4HC1 + 0 2 -► 2H 2 0 + 2C1 2 and Cl 2 + organic molecules -► chlorinated molecules (PCDD/F) [211] 

Formation: hydroxylation of lime at 600 °C [376,377], 650 [390] 

Formation reaction: CaO + H 2 0 -+ Ca(OH) 2 [12,36,48,390] 

Transformation: dexydroxylation to lime at 450 °C [129], 475-620 °C (references in [376,377]), 490- 
500 "C [219], 525-575 °C [283], 550 °C [390], >600 °C [14], 600-800 °C [376,377] 

Transformation: Ca(OH) 2 -> CaO + H 2 0 (550 °C) [390] 

Transformation: Ca(OH) 2 (s) - Ca(OH) 2 (l) + C0 2 (1) - CaC0 3 (s) + H 2 0 (portlandite dissolution and calcite 
formation) [49] 

Proteins 

Transformation: decomposition at 320-450 °C [254] 

Pyrite (FeS 2 ) 

Transformation: oxidation at 100-500 °C [376,377,389] 

Transformation: pyrite -> hematite (400-700 °C in oxidising atmosphere), pyrite -> pyrrhotite (325- 
750 °C in inert atmosphere) (references in [376,377]) 

Pyrrhotite (Fe, „S) 

Quartz (Si0 2 ) (see silica minerals) 

Transformation: to hematite at 600 °C (references in [376,377]) 

Formation: crystallisation at 400-850 °C [20], >400 °C [310], 500-815 °C [343], 630-1000 °C [333] 
Transformation: polymorphic of quartz, tridymite and cristobalite at 575-1500 °C [376,377] 

Transformation: dissolution in melt (1100-1600 °C) [376,377] 

Rankinite (Ca 3 Si 2 0 7 ) 

Formation: solid-state reaction at 700-1300 °C [376,377] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Sanidine (KAlSi 3 O s ) 

Serendibite (CaMg 3 0(Si 3 0 9 ) 

Siderite (FeC0 3 ) 

Formation: crystallisation at > 900 °C [331 ] 

Formation: crystallisation at 600 °C [261J 

Formation: carbonation of Fe oxyhydroxides at 200-400 °C [376,377] 

Transformation: siderite -► wustite (350-610 °C, mostly 527 °C) -> hematite plus maghemite 
(670 °C) -> hematite (830 °C) (references in [376,377]) 

Transformation: decarbonation to hematite at 400-800 °C [376,377,389] 

Silica (amorphous Si0 2 ) 

Silica minerals (Si0 2 nH 2 0, Si0 2 ) 

Formation: at 200-1100 “C [376,377] 

Transformation: opal (Si0 2 nH 2 0) -» a-cristobalite (65-300 °C), a-tridymite -► p-tridymite (114 °C), a- 
cristobalite -> p-cristobalite (200-270 °C), (x-quartz * p-quartz (573 °C) -* p-tridymite (867 °C) -> p- 
cristobalite (1470 °C), p-quartz - p-cristobalite (1050 °C) (references in [376,377]) 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Sillimanite (Al 2 Si0 5 ) 

S (organically bound and elemental S) 

SO x 

Formation: crystallisation at 600 °C [261] 

Transformation: oxidation to S oxide at 200-700 °C [376,377,389] 

Formation: from pyrite and marcasite oxidation at 100-500 °C; from organically bound S and elemental S 
at 200-700 °C and decomposition of sulphates at 300-1300 °C [376,377,389] 

Sphalerite ((Zn,Fe)S) 

Spinel (MgAl 2 0 4 -Mg(AlFe) 2 0 4 ) 

Transformation: to ZnO at 850 °C (references in [376,377]) 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Srebrodolskite (Ca 2 Fe 2 0 5 ) 

Sylvite (KC1) 

Formation reaction: 2CaO + Fe 2 0 3 -> Ca 2 Fe 2 0 5 (>575 °C) [336] 

Formation: crystallisation at 200-400 °C [59], >400 °C [310], 400-1000 “C [20], 500-815 °C [343], 600 °C 
[261] 

Formation reaction: K + HCl(g) + O -► KC1 + OH [174] 

(continued on next page) 
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Table 8 ( continued ) 
Phase, mineral 


Thenardite (Na 2 S0 4 ) 


Tridymite (Si0 2 ) (see silica minerals) 


Vivianite (Fe 3 (P0 4 ) 2 .8H 2 0) 
Water-gas shift reaction 
Whitlockite (Ca 9 Fe(P0 4 ) 7 ) 
Wollastonite (CaSi0 3 ) 


?s ((Ca,Sr,Ba,Na 2 ,K 2 )Al 2 Si 2 _ 10 O a _ 24 -2-8H 2 O) 


Formation, transformation or reaction and reference used 
Formation reaction: KOH(g) + HCl(g) -► KCl(g,l) + H 2 0(g) [346] 

Formation: suphation of Na 2 0 originated from organic matter at 200-800 °C [389] 

Formation reaction: 2NaCl(s) + S0 2 (g) + 0 2 (g) - Na 2 S0 4 (s) + Cl 2 (g) [65,260] 

Formation reaction: 2NaCl(s,g,l) + S0 2 (g) + 0.5O 2 (g) + H 2 0(g) -» Na 2 S0 4 (s,g,l) + 2HCl(g) 
[56,65,132,176,199,235,260,281,387] 

Formation reaction: 4NaCl(s,g) + 2S0 2 (g) + 0 2 (g) + 2H 2 0(g) -» 2Na 2 S0 4 (s,g) + 4HCl(g) [208,311 ] 
Formation reaction: 2NaOH(g) + S0 2 (g) + 0.5O 2 (g) -> Na 2 S0 4 (g,l,s) + H 2 0(g) [235,387] 

Transformation: desulphation at 800-1100 °C [389] 

Formation: crystallisation at 1100-1500 "C [376,377], 1125-1325 °C [201] 

Formation: melt crystallisation at 1100-1500 °C [376,377] 

Formation: polymorphic transformation of crystobalite > tridymite at 1125-1325 °C [201J 
Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: dehydration (250-300 °C) -> decomposition (500 °C) (references in [376,377]) 

CO + H 2 0 -> C0 2 + H 2 [388] 

Formation: crystallisation at 630-1000 °C [333] 

Formation: crystallisation at 400-1300 "C [376,377], 900-1100°C [327], 1163-1253 °C [202] 
Formation: solid-state reaction at 400-1300 °C [376,377] 

Formation: melt crystallisation at 1163-1253 °C [202] 

Formation reaction: Si0 2 (s) + CaCl 2 (l) + H 2 0(g) - CaSi0 3 (s) + 2HCl(g) [311] 

Formation reaction: Si0 2 (s) + CaCl 2 (l) + 0.5O 2 (g) -> CaSi0 3 (s) + Cl 2 (g) [311] 

Formation reaction: Si0 2 (s) + CaO(s) - CaSi0 3 (s) [346] 

Transformation: dissolution in melt at 1100-1600 °C [376,377] 

Transformation: zeolites -► loss of zeolitic water (80-450 °C) -> reversible transition (400- 

670 °C) -► destruction (700-860 °C) * formation of sintered amorphous phase (900-940 °C) -> solid- 

solution formation, mullite-type nucleation (1185 °C) (references in [376,377]) 


based on proved, improved or new approaches and methods are re¬ 
quired to reduce uncertainties. There are thus ample opportunities 
for new research in this area. 

The major tasks of the present work are: to compile and sys¬ 
tematize a reliable database; to describe the basic findings and 
clarify some of the problems; to supply additional results; and to 
explain some of the advantages and challenges related to origin, 
composition, properties and combustion behaviour of biomass 
varieties specified in different types and sub-types. The present 
overview includes a critical review of publications and own inves¬ 
tigations as an attempt will be undertaken to address the following 
objectives: 

(1) Characterization of the composition and properties of bio¬ 
mass fuels and their solid combustion products. 

(2) Elucidation of the phase-mineral transformations and chem¬ 
ical interactions of OM and IM during biomass combustion 
up to 1500 °C. 

(3) Clarification of the ash fusion behaviour of biomass. 

(4) Explanation of the ash formation mechanisms of biomass 
types and sub-types during combustion. 

(5) Indication of some potential technological and environmen¬ 
tal risks connected with combustion of biomass types and 
sub-types and application of their BAs. 

The present work is the first part of this overview and com¬ 
prises points 1 and 2, while the investigation on points 3-5 will 
be reported in the second part. 

2. Materials, methods and data used 

The results used in this overview were obtained from: (1) refer¬ 
ence peer-reviewed data and investigations; and (2) own new data 
and studies. For better differentiation, they are referred to as; (1) 
“reference investigations”; and (2) “present study” throughout 
the text, respectively. The chemical ash composition of biomass 
groups and sub-groups is given in Table 6 (based on [1,3]). The 


phases and minerals identified or assumed (with some uncertain 
identification) in BA include approximately 291 species listed in 
Table 7 using mostly peer-reviewed investigations and own data 
([2,3] and references therein) plus some supplementary reference 
data [219,261,348,357,386], An attempt was undertaken to sys¬ 
tematize the possible physico-chemical formations, transforma¬ 
tions and reactions (Table 8) during biomass combustion, as well 
as transport and storage of BA based on numerous references 
and huge information ([12,14,16,20,22,24,36,42,48,49,54,56,59,65, 
66,68,72,75,79,85,97,102,116,129,131-133,144,146,156,159,165, 
168,174,176,185,188,189,199,201,202,208-211,219,220,233,235, 
253,254,260,261,281,283,285,296,308,310,311,319,327,329,331 - 
333,336,338,343,344,346,347,350,353,355,367,369,376,377,387- 
391], and references in [376,377]). Additionally, the melting point 
(MP) temperatures of many inorganic phases and minerals identi¬ 
fied or assumed in biomass and BA are given in Table 9 based also 
on reference data [14,20,22,27,32,38,39,42,51,65,72,97,102,114, 
129,131,133,165,179,185,186,206,229,250,260,302,311,327,333, 
344,346,348,356,368,377,392-395] 

Eight biomass samples were collected and studied for addi¬ 
tional clarification of the chemical and phase composition of bio¬ 
mass and BA (Tables 10 and 11 based on [1-3] and present data), 
as well as behaviour of biomass during combustion in the present 
work. They include beech wood chips (BC), corn cobs (CC), marine 
macroalgae (MM), weathered plum pits (PP), rice husks (RH), 
switchgrass (SG), sunflower shells (SS) and walnut shells (WS). 
The majority of investigations up to now have been concentrated 
dominantly on woody biomass and wheat straw as solid biofuels. 
Most of these eight samples are herbaceous and agricultural resi¬ 
dues and algae (sea lettuces) and much less is known about them. 
The selection of these samples is also based on their highly vari¬ 
able: (1) structural composition; and especially (2) inorganic 
chemical composition (Table 10 and Fig. 1). Another big advantage 
of these samples for comparative investigations (Fig. 1 ) is that they 
belong to: (1) different organic structural types (“CHL", “LCH” and 
“HCL”); (2) all inorganic chemical types (“S”, “C”, “K”, and “CK” 
types) and different sub-types; and (3) all inorganic acid tenden- 
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point (MP) temperatures 


of inorganic phases 


identified or assumed (with uncertain identification) i 


: ash,°C. 


Phase, mineral 

Silicates 

Akermanite 

Amorphous silica 
Amphibole 
Andalusite 
Anorthite 

Ca-Mg silicates 
Ca silicate hydrate 
Ca silicates 
Cd silicate 
Chlorite 
Clay minerals 

Enstatite 

Fayalite 

Feldspars 

Forsterite 

Hydromica 

Illite 

Kalsilite-kaliophilite 

K aluminosilicate 

Kaolinite 

K-Ca silicates 

K feldspars 

K-Mg silicate 

K-Na silicates (eutectics) 

K silicates (eutectics) 

Leucite 

Melilite (akermanite-gehlenite) 

Metakaolinite 

Mg silicate 

Microcline 

Montmorillonite 

Mullite 

Muscovite 

Na silicates (eutectics) 

Na silicate (water glass) 

Nepheline 

Opal 

Orthoclase 

Plagioclases 

Sanidine 

Silica 

Sillimamte 

Tridymite 

Wollastonite 


Oxides and hydroxides 

Alumina 

Anatase 

Brookite 


Ca-Fe oxide 
Ca-Fe oxide 
Ca-Fe oxide 
Corundum 
Cr-Fe oxide 
Cuprite 


K-Fe oxide 
K hydroxide 


Ca 2 MgSi 2 0 7 

NaAlSi 3 0 8 

Si0 2 

NaCa 2 (Mg,Fe,Al) 5 (Si,Al) s 0 22 (0H) 2 

Al 2 Si0 5 

CaAl 2 Si 2 0 8 

K(Mg,Fe) 3 AlSi 3 Oio(OH,F) 2 

Ca0Si0 2 H 2 0 

CaSi0 4 , CaSi 2 0 5 , Ca 4 Si 2 0 8 , Ca 8 Si 5 0 18 , others 
CdSi0 3 

(Mg,Fe)5Al 2 Si 3 0 10 (OH) 8 

Si0 2 

CaMgSi 2 0 B or CaMg(Si0 3 ) 2 

MgSi0 3 

Fe 2 Si0 4 

NaAlSi 3 0 8 -CaAl 2 Si 2 O s , KAlSi 3 0 8 

Mg 2 Si0 4 

Ca 2 Al 2 Si0 7 

Illite and hydromuscovite 
(KH 2 O)Al 2 (AlSi)Si 3 O 10 (OH) 2 
KAlSi0 4 


1554 


1713 

1030-1140 


1553 

-1200 

1392-1554 

-1540-1544 a 

-1540-1544 

1785 

-1200 

1000-1810 

1713 

1392 

1557 

1205 


1118-1553 


1590 

1000-1300 

1200-1300 

1684-1750 

-695 


Al 2 Si 2 0 5 (OH) 4 

K 2 CaSi0 4 , K 4 CaSi 3 0,j, others 

KAlSi 3 O a 


K 2 0.4Si0 2 , K 2 Si 4 0 9 , K ( ,Si 2 0 7 others 

Ca 2 Si0 4 

KAlSi 2 0 6 

Ca 2 MgSi 2 0 7 -Ca 2 Al 2 Si0 7 

Al 2 Si 2 0 5 

KAlSi 3 O a 

(Na,Ca)o. 3 (Al,Mg,Fe) 2 Si 4 Oio(OH) 2 -xH 2 0 

Al 6 Si 2 0 13 

KAl 2 AlSi 3 O 10 (OH,F) 2 

Na 2 0-2Si0 2 

Na 2 Si 3 0 7 or Na 2 Si0 3 

(Na,K)AlSi0 4 

Si0 2 nH 2 0 

KAlSi 3 0 8 

NaAlSi 3 0 8 -CaAl 2 Si 2 0 s 

Si0 2 

KAlSi 3 0 8 or (K,Na)(Si,AI) 4 0 s 

Si0 2 

Al 2 Si0 5 

Si0 2 

cx-Ca 3 Si 3 0 9 or a-CaSi0 3 

(Ca,Sr,Ba,Na 2 ,K 2 )Al 2 Si 2 _ ]0 0 8 _ 24 -2-8H 2 0 

ZrSi0 4 


1650-1810 

720-850 

1170 

-685 

540-1170 

600-980 

2130 

1686 

1554-1590 

1650-1810 

1557-1890 

1170 

1000-1300 


-1200 

>874 

1088 

1526 

1713 a 

1170 

1118-1553 

1713 

1170 

1713 


1713 

1540-1544 

896-1185 

2552 


Y-A1 2 0 3 

Ti0 2 

Ti0 2 

Mg(OH) 2 

NiO 

Ca 3 Al 2 0 3 , Ca 3 Al 2 0 6 

Ca x FeyO/ 

Ca0Fe 2 0 3 

2Ca0Fe 2 0 3 

A1 2 0 3 

(Cr,Fe) 2 0 3 

Cu 2 0 

Cr 2 0 3 

Al(OH) 3 

a-FeOOH 

Mn 3 0 4 

<x-Fe 2 0 3 

K 2 Fe 2 0 4 

KOH 


2050 

1827 

1827 

2800 a 

1955 

1535 

1225-1325 

1225-1250 

1300-1325 

2050 

1597-1990 

1236 

1990 

2050 a 

1567 a 

1565 

1567-1594 

>1135 

380-406 


Reference used 


[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[327,393] 

[327.393] 

[392] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[229.393] 

[129] 

[393] 

[20,129,348] 

[393] 

[129] 

[32,38,39,102,129,250,356] 

[22,27,38,39,51,72,97,102,114,131,185,186,302,344,346] 

[185,186,392] 

[393] 

[393] 

[393] 

[393] 

[393] 

[377.393] 

[393] 

[393] 

[72] 

[392] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[393] 

[327.393] 

[393] 

[393] 


[393] 

[393] 

[393] 

[393] 

[392] 

[392] 

[393] 
[393] 
[393] 
[393] 
[392,393] 
[392] 

[392] 

[393] 
[393] 
[392] 
[392,393] 
[72,102] 
[114,392] 


(continued i 
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Table 9 ( continued ) 


Phase, mineral 


Chemical formula 


MP 


Reference used 


K-Na-Fe oxide 

Macedonite 
Maghemite 
Magnetite 
Manganosite 
Massicot (litharge) 
Molybdite 
Na-Fe oxide 
Na hydroxide 
Na oxide 
Periclase 
Portlandite 
Rutile 

Senarmontite 

Srebrodolskite 

Valentinite 

Wustite 

Zincite 

Zn ferrite 

Zn-Ti oxide 

Phosphates 


K(Na) 2 Fe 2 0 4 

CaO 

PbTi0 3 


FeFe 2 0 4 

MnO 


Mo0 3 

Na 2 Fe 2 0 4 

NaOH 

Na 2 0 

MgO 

Ca(OH) 2 

Ti0 2 

Sb 2 0 3 

MgAl 2 0 4 

Ca 2 Fe 2 0 5 

Sb20 3 

FeO 

ZnO 

(Zn,Fe)Fe 2 0 4 

Zn x Tiy0 4 


Ca(P0 4 ) 3 (Cl,F,0H,C0 3 ) 


Ca-K phosphates 
Carbonateapatite 
Chloroapatite 
Chloro-fluoro-apatite 

Fluoroapatite 

Hydroxylapatite 

K-Ca phosphate 
K phosphate 
K phosphate 
K phosphate mixture 
Mg phosphate 


With 40-60% K 2 0 
Ca(P0 4 ) 3 (C0 3 ) or Ca 5 (P0 4 ) 3 (C0 3 ) 
Ca(P0 4 ) 3 (Cl) or Ca 5 (P0 4 ) 3 (Cl) 
Ca(P0 4 ) 3 (Cl,F) or Ca 5 (P0 4 ) 3 (Cl,F) 
A1 3 (P0 4 )(0H) 6 .6(H 2 0) 
Ca(P0 4 ) 3 (F) or Ca 5 (P0 4 ) 3 (F) 
Ca(P0 4 ) 3 (0H), Ca 5 (P0 4 ) 3 (0H) or 
Ca 10 (PO 4 ) 6 (OH) 2 
KCa(P0 4 ) 

I<P0 3 

k 2 po 4 

KP0 3 -K 4 P 2 0 7 


Sulphates, sulphides, sulphosalts, sulphites 

Anglesite 

Anhydrite 

Ca sulphate 

Chalcocite 

Chalcopyrite 

Cu sulphate 

Galena 

Gypsum 

K-Al sulphate 

Kieserite (dehydrated) 

K-Na sulphate-chloride mixture 
K sulphide 
Mn sulphate 
Molybdenite 

Pyrrhotite 

Stibnite (antimonite) 

Thenardite 
Troilite 
Zn sulphide 

Carbonates and bicarbonates 
Fairchildite-butschliite 
K carbonate (potash) 

Chlorides, chlorites and chlorates 

Bischofite 

Ca chloride 

Calomel 

Cd chloride 

Chlorargyrite 


and thiosulphates 

PbS0 4 

CaS0 4 

K 2 S0 4 

BaS0 4 

CaSO 4 .0.5H 2 O 


Cu 2 S 

CuFeS 2 

CuS0 4 

CaS0 4 -2H 2 0 

K 3 A1(S0 4 ) 3 

MgS0 4 


K 2 S 

MnS0 4 

MoS 2 

As 2 S 3 

FeS 2 

Fe, *S 

AsS 

Sb 2 S 3 

Na 2 S0 4 

FeS 


K 2 Ca(C0 3 ) 2 

K 2 C0 3 

Na 2 C0 3 

MgCl 2 -6(H 2 0) 

Hg 2 Cl 2 

CdCl 2 

AgCl 


>1135 [72] 

2570-2597 [368,393] 

1170 [392] 

1567-1597 [393] 

1592-1597 [392,393] 

1875 [392] 

886 [392] 

795 [393] 

>1135 [72] 

318 [392] 

1132 [392] 

2800 [393] 

2570-2597 a [368,393] 

1827 [393] 

642-656 [392,393] 

2135 [393] 

1450 [392] 

642-655 [393] 

1370-1378 [392,393] 

1975 [392] 

-1590 [392] 

-1549 [392] 


1270-1660 [393] 

2000 [392] 

590 [348] 

1470 [393] 

1580 [393] 

1270 [393] 

>1502 [393] 

1660 [393] 

1400 a [393] 

1560 [229] 

1325-1620 [368] 

-800 [179,333] 

>610 [368] 

-1348 [392] 


1170 [392] 

1450 a [393] 

1067-1100 [20,114,133,165,185,186,377,206,229,393] 

1580-2400“ [392,393] 

1450 a [393] 

1450 a [393] 

1130 [393] 

800-1027 [393] 

200 [392] 

1097 [393] 

1450 a [393] 

690-800 [42] 

1130 [392] 

515 [311] 

835 [392] 

700 [392] 

730 [393] 

310 [393] 

743 [392] 

1027-1175 [392,393] 

320 [393] 

546 [393] 

884 [393] 

1175 [393] 

1775 [392] 

815 [185,186] 

788-904 [14,133,344,356,392] 

850 [392] 

714 a [393] 

772 [392] 

543 [393] 

569 [392] 

455 [393] 
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Table 9 (continued) 


Phase, mineral 


Chemical formula 


MP 


Reference used 


Cotunnite 
Cr chloride 
Cr chloride 
Cu chloride 
Cu chloride 

K halite 

K-Na-Fe chlorides mixtures 
(eutectics) 

Mn chloride 
Molysite 

Na chloride-sulphate mixture 
(eutectics) 

Ni chloride 
Rokiihnite 
Sb chloride 
Sb chloride 
Sylvite 
Zn chloride 
Nitrates 

Nitratine (nitratite) 

Nitre (niter) 


CrCl 2 

CrCl 3 

CuCl 

CuCl 2 

Nad 

K0.2Na0.sCl or Ko.4Nao.6Cl 
KCl-NaCl-FeCl 2 

MnCl 2 

NaCl-Na 2 S0 4 


NaN0 3 

KN0 3 


Elemental forms 
Elemental Ag 
Elemental A1 
Elemental Au 
Elemental Cr 
Elemental Cu 
Elemental Fe 
Elemental Hg 
Elemental Mn 
Elemental Ni 
Elemental Pb 
Elemental Pt 
Elemental S 
Elemental Si 
Elemental Sb 
Elemental Zn 
Graphite 

Other inorganic phases 


Pb 

Pt 


Zn 

C 

Various elements 


CaF 2 


501 [392] 

815-845 [65,392] 

631-947 [65,392] 

451 [392] 

630 [392] 

801 [65,185,186,393] 

770-801 [393] 

340-390 [260] 

650 [392] 

300-308 [65,392,393] 

>628 [394] 

1009 [392] 

677 [65,392] 

73 [392] 

4 [392] 

770-790 [20,51,65,114,133,185,186,392,393] 

317-318 [368,392] 


370 [393] 

-330 [395] 


961 [393] 

660 [392] 

1063 [393] 

1857 [392] 

1083 [392] 

1536 [392] 

-39 [393] 

1244 [392] 

1453 [392] 

327 [392] 

1769-1774 [392,393] 

112 [393] 

1420 [393] 

631 [392] 

420 [392] 

3527 [393] 

>874 [72] 

1378 [393] 


a After decomposition. 


cies (high, medium and low); that have been specified recently for 
biomass and BA [1-3]. Additionally, five samples from them belong 
to the low acid “K” and “CK” types and sub-types (Fig. 1 ), which are 
among the most problematic biomass resources from technological 
and environmental points of view [2-4], Finally, the composition of 
these eight biomass samples differs widely in comparison with 
coals (Tables 6,10 and 11 and Figs. 1 and 2). The samples collected 
were between 2 and 5 kg in weight and they were air dried under 
ambient conditions during a period of over 12 months. After that, 
visible contaminants such as sand, soil or shell particles were elim¬ 
inated manually from RH and MM. Then the samples were cut/ 
crushed (CC, PP, WS) and ground (BC, CC, MM, PP, RH, SS, SG, 
WS) to a particle size of <500 pm (BC, MM, RH, SG, SS) or 
<1000 pm (CC, PP, WS). Finally, they were investigated using light 
microscopy, powder X-ray diffraction (XRD), scanning electron 
microscopy (SEM), differential-thermal (DTA), thermo-gravimetric 
(TGA) and chemical analyses, as well as some leaching, precipita¬ 
tion, ashing and other procedures. 

An ordinary stereomicroscope under transmitted and reflected 
light was used for optical observations. XRD patterns of finely 
ground samples were recorded by D2 Phaser Bruker AXS and DRON 
3 M diffractometers, and collected at 10-70° 20 using Cu and Co Ka 
radiations, respectively. The investigation by SEM was carried out 
on a JEOLJSM 6390 microscope equipped with an Oxford INCA en¬ 


ergy dispersive X-ray analyser (EDX). The high-temperature ashes 
(HTAs) of biomass samples were produced in an electric oven 
(Carbolite) with static air at 500±10°C for 2h with a heating 
and cooling rate of about 5 °C min -1 . The above temperature and 
holding time were selected as the lowest ones for gentle and suc¬ 
cessful incineration of biomass prior to intensive decomposition 
(>500°C) of some carbonates and sulphates which are typical 
minerals for many biomass varieties and their ashes. This argu¬ 
ment has not been well recognised in the literature and standards 
or procedures worldwide for the determination of ash yield (or 
content) of biomass by using higher combustion temperatures 
than 500 °C. 

The thermal experiments include a gradual heating of HTAs pro¬ 
duced at 500 °C/2 h via 200 ± 5 °C intervals in the electric oven under 
atmosphere of static air. The heating was conducted at 700, 900, 
1100, 1300 and 1500 °C or up to the fluid ash-fusion temperatures 
of the samples (excluding only RH), namely 1100 °C (CC, SG), 
1300 °C (BC, MM, PP, SS, WS) and 1500 °C (RH). The sample RH has 
a fluid ash-fusion temperature higher than 1500 °C. Initial portions 
of HTA samples (0.1-0.9 g) spread out in a layer (about 1-3 mm 
thickness) at the bottom of ceramic crucibles (5x3 cm in diameter 
and 3.5 cm height) were heated up to the respective temperature 
for each experiment. The heating and cooling rate was about 
10°Cmin \ A holding time at the fixed temperature was 1 h and 






Table 10 

Data for eight biomass samples (air-dried basis), wt.% (indicated otherwise). 


Characteristic 


Switchgrass 


Corn cobs 


Organic type 
Inorganic type 
Inorganic sub-type 


RH 

CHL 

S 

S-HA 

Kovachevo, Bulgaria 


SG 

CHL 


S-MA 

Mead, Nebraska, USA 


Collection time 
Note 

Size reduction (mm) 

VM (db) 

FC (db) 

A (db) 

Bulk density (loose) (kg m~ 3 ) 

Bulk density (shaken) (kg m~ 3 ) 
pH of leachate (solid-liquid = 1:10 

Electrical conductivity of leachate 
(mS/cm) 

DWR 

DTA 1 exopeak (°C) 

DTA 2 exopeak (°C) 

DTA 1 exopeak (mm) 

DTA 2 exopeak (mm) 

DTA 1/2 exopeaks ratio 
Initial smoke (°C) 

Ash (500 °C/2 h) 

Ash (700 °C/1 h) 

Ash (900 °C/1 h) 

Ash (1100 °C/1 h) 

Ash (1300 °C/1 h) 

Ash (1500 °C/1 h) 

Fluid AFT observed (°C) 

Fluid AFT by DTA (°C) 

Ash (500 °C/2 h) bulk density (loose) 
(kgm- 3 ) 


08.2007 

Cleaned from sand and soil 

grains 

<0.5 

62.4 
19.1 

18.5 
100.0 
451 
476 


2.12 

1.5 

338 

440 


1.07 

282 

18.50 

17.48 

17.41 

17.37 

17.37 

17.22 

>1500 

>1500 

270 


HTA (500 °C/2 h) 


89.86 

1.40 

4.16 

1.04 

0.49 


1.31 


0.02 

0.21 

0.27 

100.00 

10.85 


2003 

Two mixed harvests 
(50:50 vol%) 



5.1 


100.0 

263 

286 

5.20 

1.63 

7.8 

340 

453 

59 

53 

1.11 

265 

5.14 

4.23 

4.17 


62.90 

7.69 

18.77 

2.44 

0.89 

4.20 

0.42 

2.17 

0.11 

0.04 

0.23 

0.14 

100.00 


CC 

CHL 

K 

K-LA 

Debnevo, 

Bulgaria 

08.2008 


81.1 

16.8 

2.1 

100.0 

412 

435 

5.32 


45 

0.58 

272 

2.14 

1.70 

1.47 


36.67 

2.12 

47.57 

4.82 

0.81 

1.97 

1.50 


0.28 

0.06 

0.69 

0.07 

100.00 

0.65 


Plum pits Marine macroalgae 

(weathered) 


PP 

LCH 

CK 

CK-LA 
Debnevo, 
Bulgaria 
08.2008 
Weathered for 

81.4 

17.9 

0.7 



1000 

5.57 


MM 

HCL 

K 

K-LA 

Tsarevo, Bulgaria 
08.2009 

Cleaned from sand and 

shell grains 

<0.5 

47.4 

28.2 

100.0 

954 

1250 

6.75 


0.67 19.81 


0.3 

351 

485 

42 

43.5 

0.97 

215 

0.66 

0.52 

0.51 

0.50 

0.47 


15.1 

334 

520 

22 

43 

0.51 

278 

28.24 

23.58 

20.50 

17.17 

11.69 


<1300 <1300 

1233 1240 

130 430 


12.01 5.60 

43.95 22.06 

16.29 7.56 

10.17 0.97 

2.57 0.98 

1.75 0.69 

7.72 28.49 

0.79 14.07 

0.16 0.03 

0.27 11.84 

0.14 0.02 

100.00 100.00 

0.21 0.27 




Sunflower 

shells 


BC WS SS 

CHL LCH CHL 

C CK K 

C-LA CK-LA K-LA 

JRS Rosenberg, Debnevo, Billa Sofia, 

Germany Bulgaria Bulgaria 

01.2009 08.2008 08.2008 

Produced size is 1— 


<0.5 <1 <0.5 

81.6 60.5 76.1 

17.1 38.6 20.9 

1.3 0.9 3.0 

100.0 100.0 100.0 

454 833 250 

479 883 275 

5.15 5.28 5.12 


0.70 


0.88 3.47 


1.4 0.9 2.9 

349 343 324 

425 445 434 

44 38 32 

55 50 57 

0.80 0.76 0.56 

275 285 222 

1.31 0.90 2.97 

0.94 0.77 2.36 

0.86 0.57 1.95 

0.84 0.52 1.86 

0.80 0.51 1.67 


<1300 <1300 <1300 

1300 1230 1236 

170 150 120 


5.48 
62.58 
18.00 

2.49 
0.49 

7.49 
0.36 
0.77 
0.11 
0.03 
0.09 
2.11 
100.00 
0.07 


2.84 1.45 

38.11 15.57 

49.33 49.84 

2.37 6.54 

0.52 0.12 

3.80 11.87 

0.40 1.32 

2.03 11.39 

0.12 0.22 

0.05 0.01 

0.38 1.60 

0.05 0.07 

100.00 100.00 

0.04 0.03 
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then gradual cooling to ambient temperature was carried out. The 
holding time used is based on the former investigations 
[20,376,377,396,397] that found a time interval of >30 min to be en¬ 
tirely sufficient to achieve equilibrium in the system. The prolonged 
holding time and slow cooling rate used were selected in order to 
accomplish a high degree of crystallinity for better XRD detections 
in the HTAs produced. Breaking of the ceramic crucibles and gentle 
handpicking under a binocular microscope were applied to separate 
the slag formed from the fused material at the maximum tempera¬ 
tures. Despite that, a few fine ceramic particles from the crucibles 
were observed microscopically as contaminants in BC, MM, PP and 
SS slags. These contaminants were identified as mullite, plagioclase 
and quartz, and probably some leucite by XRD for these four samples 
heated at 1300 °C. Additionally, DTA and TGA analyses were con¬ 
ducted using a Stanton Redcroft STA 760 apparatus. These experi¬ 
ments were carried out for 10-20 mg of biomass samples and their 
HTAs produced at 500 °C/2 h. The samples were gradually heated in 
corundum crucibles from ambient temperature to 1400 °C under oxi¬ 
dising conditions with a flow rate of air of 30 ml min -1 and a heating 
rate of 10 °C min -1 . The thermally treated HTAs are defined below as 
ashes and slags. 

Dry, water-soluble residues (DWRs) were isolated from the bio¬ 
mass samples by evaporation and precipitation of the water-solu¬ 
ble solutions leached. The leachates from this extraction procedure 
were generated from 10 g of biomass samples placed in glass con¬ 
tainers with 100 ml of distilled water and soaked for 24 h at ambi¬ 
ent temperature. The suspensions were periodically stirred and 
finally decanted and filtered. The pH and electrical conductivity 
were measured in the generated water solutions by a bench pH- 
mV-conductivity meter PC 5000L (VWR International Ltd). Then 
the leachates were placed in a drying oven at 80 °C for evaporation 
and crystallisation giving DWRs. These leaching and precipitation 
procedures are similar to those applied for coals [398,399] and re¬ 
fuse-derived fuels [52], 

The contents of elements in BAs (500 °C/2 h) were determined 
by inductively coupled plasma-mass spectrometry (1CP-MS), laser 
ablation ICP-MS (LA-1CP-MS) and SEM-EDX. The ICP-MS and LA- 
ICP-MS investigations were carried out, respectively, following: 

(1) Acid digestion of the samples by HC1, HN0 3 and HF and sub¬ 
sequent measurement of the solutions (for Mn) by Perkin 
Elmer ELAN DRC-e mass spectrometer; and 

(2) Preparation of discs after fusion of the samples with Li 2 B 4 07 
at 1000 °C and subsequent measurement of the glass discs 
(for Al, Ca, Fe, K, Mg, Na, P, Si and Ti) by the above apparatus 
combined with New Wave UP193FX excimer laser ablation 
system. NIST SRM glasses 610 and 612 were used as external 
calibration standards. 

The contents of S and Cl in the above ashes were determined by 
SEM-EDX of carbon coated powder material. The elemental spec¬ 
trum of an area has been taken for all finely ground samples under 
identical conditions (area of 160 x 250 pm, magnification of 370x 
and accelerating voltage of 15 kV) using internal standards. 


3. Results and discussion 

3.1. General considerations about composition of biomass and biomass 
ash 

The chemical and phase-mineral composition of biomass [1,2] 
and BA [1,3] has been characterised in detail recently and only 
some summarized data (Tables 2-7) and general comments are gi¬ 
ven herein. 
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Table 11 

Phases and minerals identified in eight biomass samples and their high-temperature ashes (HTAs) produced at different combustion temperatures (°C). 

Phase, mineral Formula Biomass HTA- HTA- HTA- HTA- HTA- HTA- 

500 700 900 1100 1300 1500 


Silicates 

Cristobalite (Cr) 

Kalsilite (Ks) 

K feldspars (KF) 

Leucite (Le) 

Opal (Op) 

Plagioclases (PI) 

Quartz (Q) 

Tridymite (Tr) 

Oxides and hydroxides 
Lime (L) 

Periclase (Peri) 

Portlandite (Port) 
Phosphates 
Apatite (Ap) 

Whitlockite (Wl) 

Sulphates 
Anhydrite (A) 

Arcanite (Arc) 

Gypsum (G) 

Picromerite (Pm) 

Carbonates and bicarbonates 
Butschliite (Bu) 

Dolomite (D) 

Fairchildite (F) 

Calcite (Cc) 

Kalicinite (K) 

Magnesite rich in Fe (MFe) 
Natrite (N) 

Natrofairchildite (NF) 

Chlorides 

Halite (Ha) 

Sylvite (Sy) 

Nitrates 

Ca nitrate hydrate (CaNH) 
Nitrocalcite (NCc) 


Si0 2 

KAlSi0 4 

KAlSi 3 O s 

KAlSi 2 0 6 

Si0 2 nH 2 0 • 

NaAlSi 3 0 8 - 

CaAl 2 Si 2 0 8 

Si0 2 

Si0 2 

CaO 

MgO 

Ca(0H) 2 

Ca(P0 4 )3(Cl,F,0H,C0 3 ) 

Ca 3 (P0 4 )2 


CaS0 4 

K 2 S0 4 • 

CaS0 4 .2H 2 0 •? 

K 2 Mg(S0 4 ) 2 .6H 2 0 


K 2 Ca(C0 3 ) 2 

CaMg(C0 3 ) 2 

K 2 Ca(C0 3 ) 2 

CaC0 3 • 

KHC0 3 • 

(Mg,Fe)C0 3 •? 

Na 2 C0 3 
Na 2 Ca(C0 3 ) 2 


Other inorganic phases 

Inorganic amorphous material (non-glass and glass) (IAM) • 

Glass 

Organic phases 
Char 

Organic matter (cellulose, hemicellulose, lignin) (OM) • 

Organic minerals 

Weddelite (Wd) Ca(C0 2 ) 2 .(H 2 0) 2 • 

Whewellite (Wh) Ca(C0 2 ) 2 H 2 0 • 


Biomass is a contemporaneous (non-fossil) and complex bio¬ 
genic organic-inorganic solid product generated by natural and 
anthropogenic (technogenic) processes, and comprises: (1) natural 
constituents originated from growing land- and water-based vege¬ 
tation via photosynthesis or generated via animal and human food 
digestion; and (2) technogenic products derived via processing of 
the above natural constituents. The overall classification of bio¬ 
mass varieties as fuel resources can be divided preliminary and 
roughly into several groups and sub-groups according to their bio¬ 
logical diversity, source and origin (Table 1 ). Biomass, similar to so¬ 
lid fossil fuels, is a complex heterogeneous mixture of OM 
(structural ingredients and organic minerals) and, to a lesser ex¬ 
tent, 1M (minerals, mineraloids and amorphous material), contain¬ 
ing various intimately associated solid and fluid phases with 
different contents and origin. The main structural organic compo¬ 
nents in biomass are cellulose, hemicellulose and lignin and these 
matrices contain in addition various major, minor or accessory or¬ 
ganic and inorganic phases (Table 2). The phases in biomass origi¬ 
nate from natural (authigenic and detrital) and technogenic 


processes during pre-syngenesis, syngenesis, epigenesis and post¬ 
epigenesis of biomass according to the main formation process 
and place, time and mechanism of phase formation (Table 3). 

BA is the solid residue that results from the combustion of bio¬ 
mass and includes: (1) laboratory produced low-temperature ash 
(LTA) in oxygen plasma at 100-250 °C; (2) laboratory generated 
HTA in air normally above 500 °C and at regulated temperatures; 
(3) industrially produced bottom ash (from dry-ash discharge boil¬ 
ers) or slag (from melt discharge boilers); and (4) industrially gen¬ 
erated fly ash (from flue gas discharge systems); as the last two ash 
types are produced in combustion installations at temperatures 
commonly between 800 and 1600°C. The laboratory HTAs and 
industrial ashes are formed under different conditions; however, 
they show similar ash formation mechanisms and phase-mineral 
transformations, despite some peculiarities, as described for coal 
ashes [377], 

BA is a complex inorganic-organic mixture with polycomponent, 
heterogeneous and variable composition and particle morphology, 
and contains intimately associated solid, liquid and gaseous phases 
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( a ) VM(db) 



(b) C+H(daf) 



(C) 


(d) 


Si0 J +AI ! 0,+Fe J 0,+Na ! 0+Ti0 2 



Fig. 1 . Positions 
Abbreviations: B, 
plum pits; RH, rii 


s in some classification systems 
ti wood chips; CC, corn cobs; daf, dry, ash-free basis 
js coal; SG, switchgrass; SS, sunflower shells; VM, 



(Table 4) with different contents and origin (Table 5). The composi¬ 
tion of BA depends on many factors including: (1) biomass resource 
(type of biomass, plant species or part of plants, growing processes 
and conditions, age of the plants, fertiliser and pesticide doses used, 
harvesting time, collection technique, transport, storage, pollution, 
processing, others): (2) biomass combustion (fuel preparation, com¬ 
bustion technology and conditions, collection and cleaning equip¬ 
ment): and (3) transport and storage of BA. Therefore, BAs have 
highly variable chemical and phase-mineral composition and prop¬ 
erties and these characteristics are more changeable and differ sig¬ 
nificantly in comparison with those of coal ashes (Tables 6 and 7 
and Figs. 1 and 2). 

The chemical composition of BA comprises: (1) major (>1%); (2) 
minor (1-0.1%); and (3) trace (<0.1%) elements: according to their 
elemental concentrations, where the major and minor elements 
are mostly expressed as oxides (Table 6). The oxide contents in 
BA are normally Si0 2 > CaO > K 2 0 > P 2 0 5 > A1 2 0 3 > MgO > Fe 2 0 3 > 
S0 3 > Na 2 0 > MnO > Ti0 2 (based on mean values in Table 6). BA 
from natural biomass is commonly enriched in Mn > K > 
P > Cl > Ca > Na > Mg and depleted in A1 > Ti > Fe > Si > S in compar¬ 
ison with coal ash. The bulk chemical composition of biomass and 
BA is an important characteristic: however, it is insufficient for a 
reliable explanation of elemental behaviour during biomass com¬ 
bustion. The abundance, origin and performance of modes of ele¬ 


ment occurrence (minerals and phases) in biomass and BA are 
needed to fully understand this elemental behaviour. 

The phase-mineral composition of BA includes: (1) mostly IM 
composed of non-crystalline (amorphous) and crystalline to 
semi-crystalline (mineral) constituents; (2) subordinately OM con¬ 
sisting of char and organic minerals; and (3) some fluid matter 
comprising moisture and gas and gas-liquid inclusions associated 
with both IM and OM (Tables 4 and 7). 

The phases and minerals in BA can be divided into: (1) forming 
(>10%); (2) major (1-10%); (3) minor (0.1-1%); and (4) accessory 
(<0.1%); based on their contents (Table 7). The forming and major 
species identified in BAs normally include glass, sylvite, calcite, 
leucite, K-Ca silicate, char, feldspars, quartz, anhydrite, ankerite, 
kaolinite, siderite, cristobalite, arcanite, hematite, illite, lime, fair- 
childite, hydroxylapatite, merwinite, periclase, glaserite, larnite 
and portlandite. The extremely large variations of phase-mineral 
composition of BAs are mostly due to the highly variable contents 
of bulk IM and different genetic classes of IM in diverse biomass 
varieties [3], 

BA is composed of original (primary) or newly formed (second¬ 
ary and tertiary) inorganic and organic solid phases generated from 
natural (authigenic and detrital) and technogenic inorganic, organ¬ 
ic and fluid matter during biomass combustion. Therefore, the 
phases and minerals in BA can be classified by origin as: (1) pri- 
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mary, namely pre-existing or original minerals and phases in bio¬ 
mass that have undergone no phase transformations during com¬ 
bustion (mostly refractory silicates, oxyhydroxides and 
phosphates); (2) secondary such as new phases formed during 
combustion process (species from all mineral classes plus glass 
and char); and (3) tertiary, namely new minerals or phases formed 
during transport and storage of BA (mainly carbonates and hydrox¬ 
ides) (Tables 5 and 7). 

The phases and minerals identified in BA include approximately 
291 species (Table 7) in contrast to 188 species found in coal ash 
[383], Most of the minerals and phases identified in coal ashes 
were also found in BAs [3], However, many mineral species among 
Ca-K-Mn silicates, Ca-Al-Mn oxides, K-Na-Ca chlorides and K- 
Ca-Mg-Na carbonates, sulphates and phosphates were normally 
not identified in coal ashes. The reason for that could be the enrich¬ 
ment of elements such as Ca, Cl, K, Mg, Mn, Na and P in BAs com¬ 
pared to coal ashes. In contrast, typical Si-, A1-, Fe- and Ti-bearing 
minerals of coal ashes (quartz, clay and mica minerals, mullite, 
feldspars, Fe oxides and rutile), were not characteristic of many 
BAs probably due to limited contents of these elements in BAs 
[1.3]. 

It was emphasised that there is a big advantage if the biomass 
and BA classification systems are based on: (1) the identification 
and implementation of significant relationships between elemental 
concentrations; (2) combined chemical and phase-mineral associa¬ 
tions; and especially (3) on an application approach for specifica¬ 
tion of the phases in biomass and BAs based on their origin. In 
this case the reasons for different problems or benefits during bio¬ 
mass processing can be systematically identified and explained [4], 

3.2. General observations about behaviour of biomass during 
combustion 

Summarized data from references and own studies concerning: 
(1) composition and characteristics of biomass and BA (Tables 1- 
6); (2) phases and minerals identified in BAs (Table 7); (3) melting 
point (MP) temperatures of inorganic phases and minerals identi¬ 
fied or assumed in biomass and BA (Table 9); (4) processes respon¬ 
sible for ash formation (Table 5); and (5) physico-chemical 
formations, transformations and reactions during biomass com¬ 


bustion (Table 8); are given systematically herein. This information 
provides a sound foundation for the database that can be used for 
an initial and reliable characterization of biomass during 
combustion. 

The reference investigations show that many findings about the 
behaviour of various components during thermo-chemical conver¬ 
sion of biomass are based only on theoretical thermodynamic, 
equilibrium and stoichiometric calculating tools (modelling) of 
chemical databases and programs such as ChemApp, ChemSage, 
ChemSheet, DICTRA, FACT-SAGE, FACT-Win, GFEDBASE, HSC 
Chemistry, JANAF, MINGTSYS, MTDATA, SGTE, SOLGASMIX, Ther¬ 
mo-Calc and others [32,59,83,97,98,127,129,142,148,174,177,207, 
209,214,223,225,232,235,271,301,314,341,366,368,369,371 ]. The 
equilibrium calculation is used to determine thermodynamically 
stable chemical and physical forms (mineral species and phases) 
in the system during heating. For that purpose, parameters such 
as the elemental composition of the fuel and air, temperature 
and pressure have been entered in the system. The calculations 
are performed by minimization of the total Gibb’s free energy for 
the system under a mass balance constraint. Although the equilib¬ 
rium analysis is a useful tool to predict the stable species during 
the thermo-chemical process, there are numerous very serious dis¬ 
advantages and limitations of the method and they include impor¬ 
tant critical assumptions and decisions before and during the 
actual calculation such as: 

• Accuracy and consistency of the thermodynamic data for the 
phases and species involved (problems with input of elements, 
stoichiometric compounds, isomorphism and variable composi¬ 
tion of phases and minerals, polymorphic minerals, unreacted 
original phases, post-combustion phase formations, others). 

• Temperature must be high enough or the residence time for 
species should be long enough to reach the thermodynamic 
equilibrium in the system. 

• Assumption that all elements are available for reaction (perfect 
mixing). 

• Kinetic limitations are ignored. 

• Gas phase is considered ideal. 

• All condensed phases are pure. 

• No organic association of elements was included. 












S.V. Vassilev et aL/Fuel 112 (2013) 391-449 


417 



CuKa20 (°) 


Fig. 3. XRD patterns of rice husks (RH), dry water-soluble residue (DWR) from RH and high-temperature ashes (HTAs) of RH generated at 500 °C/2 h, 700 °C/1 h, 900 °C/1 h, 
1100 °C/1 h, 1300 °C/1 h and 1500 °C/1 h. Abbreviations: Arc, arcanite (K2SO4); Cps, counts per second; Cr, cristobalite (Si0 2 ); IAM, inorganic amorphous material (non-glass 
and glass); OM, organic matter; Op, opal (Si02-nH 2 0); Q, quartz (Si0 2 ); Sy, sylvite (KCI); Tr, tridymite (Si0 2 ); Wd, weddelite (03(002)2(1120)2); Wh, whewelhte 
(Ca(C0 2 ) 2 H 2 0). 


• Complications with liquid, condensed and glass phase determi¬ 
nations and overestimated formation of gaseous and liquid 
phases; and finally 

• Difficulties when the calculation results are compared with 
those of real combustion, gasification or pyrolysis systems. 

Most of the above listed limitations and problems have been 
mentioned or explained elsewhere [59,83,174,225,235,314,368], 
Therefore, these indirect investigations may be quite unrealistic 
for actual predictions of phases in a multicomponent system under 
non-equilibrium conditions and many of these studies demon¬ 
strate undoubtedly very serious prediction problems (see for 
example [369] among others). Such equilibrium and stoichiometric 


calculations can be used only to provide a preliminary prediction. 
Finally, this subsidiary procedure cannot replace the most impor¬ 
tant and real approach, namely direct (input, output) phase studies 
of the systems. 

The reference investigations also show that TGA data alone for 
biomass are frequently used to evaluate the combustion behaviour 
of OM and this is a serious omission. Such data without parallel 
DTA and other phase investigations cannot be applied to describe 
the actual thermal behaviour of OM because some reasons for 
weight losses in the system remain unspecified. For instance, the 
weight losses related to combustion of OM (exothermic effects) 
also associate with: (1) decomposition, dehydration and dehydr- 
oxylation of certain carbonates, sulphates, hydroxides and silicates 
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Fig. 4. XRD patterns of switchgrass (SG), dry water-soluble residue (DWR) from SG and high-temperature ashes (HTAs) of SG generated at 500 °C/2 h, 700 °C/1 h, 900 °C/1 h 
and 1100 °C/1 h. Abbreviations: A, anhydrite (CaS0 4 ); Arc, arcanite (K 2 S0 4 ); CaNH, Ca nitrate hydrate (Ca(N0 3 ) 2 .2H 2 0); Cc, calcite (CaC0 3 ); Cps, counts per second; Cr, 
cristobalite (Si0 2 ); IAM, inorganic amorphous material (non-glass and glass); Ks, kalsilite (KAlSi0 4 ); Le, ieucite(KAiSi 2 0 6 ); NCc, nitrocalcite (Ca(N0 3 ) 2 .4H 2 0); OM, organic 
matter; Op, opal (Si0 2 nH 2 0); Q, quartz (Si0 2 ); Sy, sylvite (KC1); Wd, weddelite (Ca(C0 2 ) 2 .(H 2 0) 2 ); Wh, whewellite (Ca(C0 2 ) 2 H 2 0). 


(endothermic reactions); (2) oxidation of sulphides and hydration 
and hydroxylation of some oxides (exothermic effects); and (3) 
melt evaporation (endothermic reactions); which can occur in 
the same temperature interval as for OM burning. 

The present study explains the behaviour of OM and IM and ash 
formation for eight biomass varieties during their combustion at 
different temperatures. The XRD patterns of these biomass samples 
and their water-soluble residues, as well as biomass ashes (500 °C) 
thermally treated up to 1500 °C are illustrated in Figs. 3-10. The 
DTA-TGA profiles of the biomass samples and their ashes 
(500 °C) heated up to 1400 °C are shown in Figs. 11-18. The chem¬ 
ical composition of the eight biomass HTAs (500 °C) and the phases 
and minerals identified in them (500-1500 °C) are given in Tables 
10 and 11, respectively. It can be seen that their chemical compo¬ 
sition is highly variable and numerous original (primary) and new¬ 
ly formed (secondary and tertiary) minerals or phases occur in 
HTAs as their origin is related to various organic and inorganic spe¬ 


cies identified in biomass (see below). Some processes such as: (1) 
fragmentation (disintegration) of particles (500 °C); (2) initial 
(700-900 °C), significant (700-1100 °C) and intensive (700- 
1300 °C) agglomeration or occasionally swelling of particles; (3) 
initial (700 °C), extensive (900-1100 °C) and complete (1100- 
1500 °C) fusion of particles or minerals with different melting 
points; (4) various new phase crystallizations (500-1500 °C); and 
(5) melt/glass formation (700-1500 °C); were observed microscop¬ 
ically in BAs. 

It was found that the DTA-TGA profiles of the biomass varieties 
studied (Figs. 11-18 with index (a)) show very similar combustion 
behaviour for OM despite their highly variable phase (structural 
components) and chemical composition. For example, the samples 
reveal common and similar transformations such as: 

(1) Loss of adsorbed water (endothermic effects at 57-92 °C 
accompanied by some mass losses). 








S.V. Vassilev et aL/Fuel 112 (2013) 391-449 


419 


CHL organic type 
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Fig. 5. XRD patterns of corn cobs (CC), dry water-soluble residue (DWR) from CC and high-temperature ashes (HTAs) of CC generated at 500 °C/2 h, 700 "C/l h, 900 "C/1 h and 
1100 "C/l h. Abbreviations: A, anhydrite (CaS0 4 ); Arc, arcanite (K2SO4); Cps, counts per second; IAM, inorganic amorphous material (non-glass and glass); K, kalicinite 
(KHCO3); Ks, kalsilite (KAlSi0 4 ); Le, leucite(KAlSi 2 06); OM, organic matter; Op, opal (Si0 2 nH 2 0); Q, quartz (Si0 2 ); Sy, sylvite (KC1); Wd, weddelite (Ca(C0 2 ) 2 .(H 2 0) 2 ). 


(2) OM combustion (exothermic effects between 200 and 650 °C 
accompanied by intensive mass losses). 

(3) Burning of some residual char (exothermic effects com¬ 
monly between 650 and 850 °C accompanied by some mass 
losses). 

In contrast to biomass samples, the DTA-TGA profiles of BAs 
produced at 500 °C (Figs. 11-18 with index (b)) show very distinct 
and complex transformation behaviour due to their highly variable 
inorganic composition (Tables 10 and 11). For instance, the sam¬ 
ples reveal: 

(1) Loss of adsorbed water (endothermic effects at 69-129 °C 
accompanied by some mass losses). 

(2) Burning of the residual char (exothermic effects mainly 
between 300 and 850 °C accompanied by some mass losses). 

(3) Calcite decomposition (endothermic reactions at 538-896 °C 
accompanied by intensive mass losses). 


(4) Complex phase transformations related to decomposition of 
various carbonates, sulphates and phosphates, formation of 
silicates, polymorphic transformations, melting of phases 
and other processes up to 1300-1400 °C accompanied or 
not by mass loss. 

Different phase transformations and mineral crystallizations re¬ 
lated to OM, silica minerals, leucite, lime, periclase, portlandite, 
anhydrite, arcanite, calcite, whitlockite, apatite, glass and other 
phases and minerals in BAs can be seen on XRD patterns with 
increasing ashing temperatures (Figs. 3-10). It should be noted 
that the detection of most phase transformations (especially for 
IM) are impossible only by DTA-TGA investigations of biomass. 
Their identifications also require an incineration of OM at low tem¬ 
peratures (500 °C in the present study) and the subsequent inves¬ 
tigation of ash residue by DTA-TGA and other methods at higher 
temperatures (up to 1500 °C in the present study). Furthermore, 
some future investigations of biomass LTA can extract information 
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Fig. 6. XRD patterns of plum pits (PP), dry water-soluble residue (DWR) from PP and high-temperature ashes (HTAs) of PP generated at 500 °C/2 h, 700 °C/1 h, 900 °C/1 h, 
1100 -C/1 h and 1300 °C/1 h. Abbreviations: A, anhydrite (CaS0 4 ); Ap, apatite (Ca(P0 4 MCl,F,0H)); Arc, arcanite (K 2 S0 4 ); CaNH, Ca nitrate hydrate (Ca(N0 3 )2.2H 2 0); Cc, calcite 
(CaCO j); Cps, counts per second; F, fairchildite (K 2 Ca(C0 3 ) 2 ); IAM, inorganic amorphous material (non-glass and glass); L, lime (CaO); Mu, mullite (Al B Si 2 0i 3 ); OM, organic 
matter; Op, opal (Si0 2 nH 2 0); Peri, periclase (MgO); PI, plagioclases (NaAlSi 3 0 s -CaAl 2 Si 2 0 s ); Port, portlandite (Ca(OH) 2 ); a quartz (Si0 2 ); Sy, sylvite (KC1); Wd, weddelite 
(Ca(C0 2 ) 2 .(H 2 0) 2 ); Wh, whewellite (Ca(C0 2 ) 2 H 2 0). The occurrence of a Mu and PI in the sample PP-HTA-1300 is a result of contamination from the broken ceramic crucible. 


of some inorganic phase transformations even for the temperature 
interval between 200 and 500 °C. 

The combustion temperature has a leading effect on the ash 
yield and qualitative and quantitative composition of ashes pro¬ 
duced from different biomass varieties. For example, the reference 
investigations show that ash yields determined at 1000-1300 °C 
are 10-70% lower than those produced by LTA at 100-150 °C or 
HTA at 500-575 °C ([3] and references therein). The present study 
(Table 10) confirmed the above observations and reveals that the 
ash yields determined at 1100-1500 °C are 7-59% lower than those 
produced at 500 °C, namely MM (59%) > SS (44%) > WS (43%) > BC 
(39%) > CC (33%) > PP (29%) > SG (19%) > RH (7%). This order shows 
that minimum losses occur for the biomass varieties highly (RH, 
SG) and significantly (CC and PP) enriched in silica and silicates 
while maximum losses are typical for biomass varieties abundant 
commonly in Ca, Cl, Fe, K, Mg, Na, P, S, chlorides, sulphates, carbon¬ 
ates and phosphates (Table 10, Figs. 3-10 and [3]). These weight 
losses for biomass are normally higher than for coal and such dif¬ 


ferences are a result of some more intensive phase transformations 
(loss of adsorbed and combined water, combustion of volatile mat¬ 
ter, decomposition of less stable minerals) and probably higher 
volatilization behaviour of certain mobile elements (Br, C, Cl, H, 
Hg, K, N, Se, S and other trace elements) from biomass phases in 
the higher temperature ranges [3,376,377], 

The reference investigations also reveal that the particle size ([3] 
and references therein) and morphology (Table 4) of BAs are highly 
variable. For example, the size of biomass fly ash particles varies 
from 10-50 nm to more than 1-2 mm, but these powder materials 
are commonly very fine as their median size is predominantly below 
10-100 pm. It was also found that the alkali chlorides and sulphates 
and some trace elements (for example, Pb and Zn) were normally en¬ 
riched in the finest fly ash fraction (<1 pm) originated from volatil¬ 
ized elements that nucleate to form new particles or condense on 
existing particles during the flue gas cooling. On the other hand, 
the coarser ash fraction (>1 pm) is dominated by components con¬ 
taining non-volatile elements such as Ca, Si, Mg, Al, Fe, P and Mn that 
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900 °C/1 h, 

material (non-glass and glass); L, lime (CaO); MFe, magnesite rich in Fe ((Mg,Fe)C0 3 ); Mu, mullite (Al 6 Si 2 0, 3 ); OM, organic matter; Op, opal (Si0 2 nH 2 0); PI, plagioclases 
(NaAlSi 3 0 s -CaAl 2 Si 2 0 8 ); Port, portlandite (Ca(0H) 2 ); Q, quartz (Si0 2 ); Sy, sylvite (KC1). The occurrence of a Mu and PI in the sample MM-HTA-1300 is a result of 
contamination from the broken ceramic crucible. 


have remained in the solid and/or liquid phases during the combus¬ 
tion process. It was also identified that Ca-bearing minerals seemed 
to be commonly enriched in the size range 1-50 pm, while Si-bear¬ 
ing minerals were normally found in the largest particles (>10— 
50 pm) ([3] and references therein). 

The present study demonstrates some important combustion 
trends. It was found that OM of different biomass varieties tends 
to show similar combustion behaviour, whereas 1M of these bio¬ 
mass varieties has a tendency to reveal variable performance dur¬ 
ing burning. These preliminary observations also indicate that the 
thermal behaviour of IM and ash formation mechanisms of differ¬ 
ent BAs tend to be: (1) diverse between the inorganic “S”, “C”, “K” 
and “CK” types; and (2) similar within the inorganic types and sub- 
types; specified recently [1-3], These very interesting observations 
will be discussed in detail in Part II of the present work. 


3.3. Behaviour of organic matter during biomass combustion 

3.3.1. Cellulose, hemicellulose and lignin 

The reference investigations and numerous data collected for 
transformation of cellulose, hemicellulose and lignin during ther¬ 
mal treatment of biomass in oxidising and inert atmosphere are 
listed in Table 8. It should be noted that their transformation in¬ 
cludes mostly decomposition (degradation) and subsequent oxida¬ 
tion due to the very high oxygen contents in natural biomass, 
namely 21-49% on dry, ash-free basis (daf) [1] in contrast to coal, 
normally 4-20% daf basis [400], Therefore, the TGA, DTA and differ¬ 
ential thermo-gravimetric curves observed for biomass have simi¬ 
lar decomposition steps and mechanisms under both oxidising 
(air) and inert (N 2 , Ar) atmosphere [164,207,209,347], For example, 
it was emphasised that only the combustion stage is faster under 
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Fig. 8. XRD patterns of beech wood chips (BC), dry water-soluble residue (DWR) from BC and high-temperature ashes (HTAs) of BC generated at 500 °C/2 h, 700 °C/1 h, 
900 °C/1 h, 1100 °C/1 h and 1300 °C/1 h. Abbreviations: Ap, apatite (Ca(P0 4 )3(Cl,F,0H)); Arc, arcanite (K 2 S0 4 ); CaNH, Ca nitrate hydrate (Ca(N0 3 ) 2 -2H 2 0); Cc, calcite (CaC0 3 ); 
Cps, counts per second; Ha, halite (Nad); 1AM, inorganic amorphous material (non-glass and glass); L, lime (CaO); Mu, mullite (Al 6 Si 2 Oi 3 ); OM, organic matter; Op, opal 
(Si0 2 nH 2 0); Peri, periclase (MgO); Port, portlandite (Ca(OH) 2 ); Q, quartz (Si0 2 ); Sy, sylvite (KC1); Wd, weddelite (Ca(C0 2 ) 2 (H 2 0) 2 ); Wh, whewellite (Ca(C0 2 ) 2 H 2 0); Wl, 
whitlockite (Ca 3 (P0 4 ) 2 ). The occurrence of Qand Mu in the sample BC-HTA-1300 is a result of contamination from the broken ceramic crucible. 


air than under inert atmosphere [164], Hence, many findings re¬ 
lated to the biomass combustion behaviour are also applicable 
for biomass pyrolysis, gasification and liquefaction. It is generally 
accepted that the biomass combustion process takes place in two 
steps: (1) combustion of cellulose and hemicellulose at 250- 
350 °C, which is greater for annual species (with lower lignin con¬ 
tent): and (2) combustion process of lignin at 350-500 °C, which is 
greater for perennial species (with higher lignin content) [24], Fur¬ 
ther, the DTA shoulder of the major combustion reaction for bio¬ 
mass is usually considered to arise from hemicellulose 
decomposition at lower temperatures, while the main peak at 
higher temperatures is considered to be mainly due to cellulose 
degradation [209], However, the present study does not support 
the above observations and reveals that such simplified generalisa¬ 


tions for the thermal behaviour of structural components of bio¬ 
mass cannot be applied universally for all biomass varieties. 

The summarized reference data in the present study (Table 8) 
clearly show that the minimum, maximum and peak temperatures 
for decomposition/oxidation of the specific structural components 
are less informative. For example, these data reveal highly variable 
and even abnormal decomposition temperature ranges, namely: 
(1) 150-350 °C for hemicellulose; (2) 240-500 °C for cellulose; 
and (3) 160-900 °C for lignin. Thus, it is impossible to identify 
some highly definitive or even characteristic transformation tem¬ 
peratures for the specific structural components because such tem¬ 
peratures are strongly dependent on the biomass varieties studied. 
Therefore, the present observations are somehow not in accor¬ 
dance with widely accepted statements in the literature about 
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Fig. 9. XRD patterns of walnut shells (WS), dry water-soluble residue (DWR) from WS and high-temperature ashes (HTAs) of WS generated at 500 “C/2 h, 700 “C/1 h, 900 “C/ 
1 h, 1100 “C/1 h and 1300 “C/1 h. Abbreviations: A, anhydrite (CaS0 4 ); Ap, apatite (Ca(P0 4 ) 3 (Cl,F,OH)); Arc, arcanite (K 2 S0 4 ); Bu, butschliite (K 2 Ca(C0 3 ) 2 ); Cc, calcite (CaC0 3 ); 
Cps, counts per second; F, fairchildite (K 2 Ca(C0 3 ) 2 ); IAM, inorganic amorphous material (non-glass and glass); K, kalicinite (KHC0 3 ); OM, organic matter; Op, opal 
(Si0 2 nH 2 O); Port, portlandite (Ca(0H) 2 ); Sy, sylvite (KC1); Wd, weddelite (Ca(C0 2 ) 2 (H 2 0) 2 ); Wh, whewellite (Ca(C0 2 ) 2 H 2 0). 


some typical thermal transformations of specific structural compo¬ 
nents and they require more detailed considerations. 

The present study of DTA profiles for eight biomass varieties 
(Figs. 11-18 with index (a)) show that the OM oxidation is charac¬ 
terised by large exothermic effects mostly between 200 and 650 °C 
and represented as two consecutive peaks with maximums at 324- 
351 °C and 425-520 °C. These two consecutive peaks have change¬ 
able heights as the first peak can be higher (RH and SG) or lower 
(BC, CC, MM, PP, SS and WS as PP peaks are almost equal) in 
heights. This observation indicates the greater reactivity of RH, 
SG and PP samples in comparison with other biomass varieties. 
The two major exothermic reactions are accompanied by two 
intensive mass losses according to TGA curves in Figs. 11-18 (with 
index (a)). It should also be stated that the DTA and TGA profiles 
are similar for all biomass samples despite their different organic 
types (“CHL”, “LCH” and “HCL” in Fig. lc) and highly variable con¬ 
tents of structural components (Table 10). The only exclusion is the 


algae sample (MM) having also an additional third and small exo¬ 
thermic peak with maximum at 782 °C and accompanied by some 
weight loss (Fig. 15a). This last very interesting observation is re¬ 
lated to oxidation of some capsulated residual char (see below). 

Several initial steps were undertaken for clarification of the 
thermal behaviour of individual structural components, namely: 
(1) the first and second exothermic peak temperatures from DTA; 
and (2) the first and second exothermic peak heights from DTA 
and the ratio between them; for the eight biomass samples were 
measured and calculated (Table 10). The results obtained were 
subjected to a correlation test to calculate correlation coefficient 
values (R 2 ) of these three parameters (Table 12) with contents of 
cellulose, hemicellulose and lignin plus many other characteristics 
listed in Table 10. Surprisingly, it was found that the above three 
parameters do not show very strong correlations with the struc¬ 
tural components. The only exclusions are: (1) the significant posi¬ 
tive correlation between lignin and the first exothermic peak 
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1 h, 1100 °C/1 h and 1300 "C/1 h. Abbreviations: A, anhydrite (CaS0 4 ); Ap, apatite (Ca(P0 4 )3(Cl,F,0H)); Arc, arcanite (K 2 S0 4 ); Cc, calcite (CaC0 3 ); Cps, counts per second; F, 
fairchildite (K 2 Ca(C0 3 ) 2 ); IAM, inorganic amorphous material (non-glass and glass); K, kalicinite (KHC0 3 ); L, lime (CaO); Le, leucite(KAlSi 2 0 6 ); Mu, mullite (A1 6 S1 2 0 13 ); OM, 
organic matter; Op, opal (Si0 2 nH 2 0); Peri, periclase (MgO); PI, plagioclases (NaAlSi 3 0 8 -CaAl 2 Si 2 0 8 ); Q, quartz (Si0 2 ); Sy, sylvite (KC1); Wd, weddelite (Ca(C0 2 ) 2 (H 2 0) 2 ); Wh, 


cellulose and the second exothermic peak temperature; and (3) the 
significant negative correlation between cellulose and the second 
exothermic peak temperature ( R 2 = ±0.66). Furthermore, other char¬ 
acteristics associated with OM of biomass (volatile matter, extrac¬ 
tives, H, S, Cl, N, C, even water-soluble salts) commonly show even 
stronger correlations with the exothermic peak temperatures and 
peak heights ratios than the structural components (Table 12). 
Hence, both major exothermic temperatures (associated with the 
greatest mass losses) and the exothermic peak heights ratios for 
OM do not correlate strongly and definitely to the contents, distribu¬ 
tion and decomposition/oxidation stages of specific structural com¬ 
ponents in biomass as it has been widely described in literature 
[16,24,88,92,117,138,144,146,162,189,204,207,209,233,238,240, 
254,268,274,285,296,299,307,308,319,332,339,342,350], The pres¬ 
ent results emphasise that these two consecutive exothermic peaks 


stage combustion behaviour of OM, namely burning of volatile mat¬ 
ter and char, respectively, as it has been mentioned elsewhere 
[8,39,45,72,75,126,163,164,286,330,338,347,367], It is interesting 
also to note that the initial smoke observed during heating of bio¬ 
mass samples in air (215-285 °C) fits with the beginning of the first 
combustion stage for all samples (Table 10 and Figs. 11-18 with in¬ 
dex (a)). Therefore, the proportions among structural components in 
biomass seem to have limited significance during the combustion 
process and the two stage combustion behaviour of OM with 
increasing of temperature is basically related to: (1) devolatilization 
and burning of combustible volatile matter; and subsequently (2) 
char formation and combustion; simultaneously from the three 
structural components of the bulk OM with some temperature fluc¬ 
tuations depending on the content and distribution of cellulose, 
hemicellulose and lignin in the specific biomass varieties. Hence, 
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the ill-defined structure, variable composition, different impurities 
and changeable properties of cellulose, hemicellulose and lignin in 
biomass varieties [ 1 -3 ] reflect directly on their variable and less pre¬ 
dictable thermo-chemical conversion behaviour. 

The present study of TGA profiles for eight biomass varieties 
(Figs. 11-18 with index (a)) show that the OM oxidation is repre¬ 
sented by intensive mass losses accompanying the large exother¬ 
mic effects between 200 and 650 °C with two consecutive peaks 
at 324-351 °C and 425-520 °C. These mass losses of OM include 
one major stage with two sub-stages separated by a shoulder 
which correspond to the above described exothermic tempera¬ 
tures. Additionally, these two combustion stages, which are signif¬ 
icantly independent from the distribution of structural 
components, are also confirmed by the disappearance of the first 
characteristic exothermic peak (related to combustible volatile 
matter) for some BAs produced at 500 °C (Figs. 11-14 with index 


(b)). Hence, the data from DTA of BA and TGA of biomass and BA 
also confirmed the above two stage combustion behaviour of bulk 
OM. Finally, it should be stated that similar observations are also 
characteristic of lignites and sub-bituminous and bituminous coals 
[376,377], as well as refuse derived fuels from municipal solid 
wastes [52]; however, the role of volatile matter combustion is 
much more typical of natural biomass than other solid fuels. 

As mentioned above, only the algae sample (MM) has an addi¬ 
tional third and small exothermic peak between 740 and 830 °C 
(maximum at 782 °C) accompanied by some mass loss and related 
to oxidation of some residual char (Fig. 15a). Therefore, some sup¬ 
plementary optical observations were conducted for algae ashes 
produced at 500, 700 and 900 °C in the present study. A few indi¬ 
vidual char components were recognised by light microscopy as 
black particles encapsulated by coarse sized chloride aggregates 
built up of cubic crystals in the ashes obtained at 500 and 700 °C. 
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Fig. 12. DTA and TGA profiles of: (a) switchgrass (SG); and (b) high-temperature ash (HTA) of SG generated at 500 °C/2 h. 


It can be seen that MM ash is highly enriched in Cl, Na and K rep¬ 
resented by halite and sylvite (Tables 10 and 11 and Fig. 7). It is 
well known that the melting points of these minerals are in the 
temperature interval 770-801 °C (Table 9). It can also be seen that 
the DTA profile of MM ash produced at 500 °C (Fig. 15b) shows: (1) 
an endothermic peak at 538 °C (with some mass loss) correspond¬ 
ing to calcite decomposition (see Fig. 7 for calcite transformation); 
(2) an endothermic peak at 745 °C (with some mass loss) consis¬ 
tent with eutectic melting of a halite-sylvite mixture; and (3) an 
exothermic peak at 792 °C (followed by intensive mass loss) due 
to oxidation of unburned char. Hence, the combustion of the 
encapsulated residual char after 782-792 °C follows closely melt¬ 
ing of the chloride matrix because the chloride melt allows oxygen 
diffusion and combustion of this unburned char. The reference 
investigations show that the existence of two char combustion 
stages (with two exothermic peaks) was not related to the occur¬ 
rence of two specific types of chars with a different nature because 


any structure evolution of the char was not found [367], On the 
other hand, the oxidation of lignin derived char at higher temper¬ 
atures (600-900 °C) has been described for some lignin rich bio¬ 
mass varieties (pure lignin, wood stems, barks and shoots, and 
switchgrass) [146,233,319,347], However, this is not the case here¬ 
in because it is well known that marine macroalgae normally do 
not contain lignin [254] or contain quite limited amount of this 
component [401], Finally, the above combustion mechanism for 
some residual char encapsulated in chlorides can also be valid for 
char entrapped by certain carbonates, sulphates, phosphates and 
silicates and its subsequent burning at higher temperatures (see 
Section 3.3.2). 

It is widely accepted that the gases released from the thermal 
decomposition of structural components include dominantly C0 2 , 
CO, H 2 0, H 2 and methane (CH 4 ), and to a lesser extent, N 2 , NO x , 
SOx, ethane (C 2 H 2 ), ethene (C 2 H 6 ) and others [85,233,307, 
350,353,391]. Additionally, it was found that hemicellulose had 









S.V. Vassilev et aL/Fuel 112 (2013) 391-449 


427 


CHL organic type 
K inorganic type 
K-LA inorganic sub-type 



Temperature, °C 



Temperature, °C 

Fig. 13. DTA and TGA profiles of: (a) corn cobs (CC); and (b) high-temperature ash (HTA) of CC generated , 


: 500 “C/2 h. 


higher C0 2 yield, cellulose generated higher CO yield, and lignin 
owned higher H 2 and CH 4 yield [233]. As a result of biomass com¬ 
bustion, volatilization of elements forming OM (C, H, N, S, 0) or 
inorganic elements associated with OM (Ca, Mg, K, Na and, to a les¬ 
ser extent, P, Si, Fe, AI, Mn, Ti and others) as covalently or ionically 
bound elements, organic-metal components, adsorbed ions or me¬ 
tal ions in ion-exchanged forms bound to specific functional groups 
[2] occurs mainly in the temperature interval between 200 and 
850 °C. These elements can: (1) escape the system as volatile com¬ 
ponents: (2) form discrete inorganic phases in ash; (3) react with 
each other; and (4) react with original or newly formed IM of bio¬ 
mass and ash [3]; which is similar to coal [376,377], 

It is also well known that the combination of high O and VM 
contents in biomass indicates a potential for creating large 
amounts of inorganic vapours during combustion [39]. For 


example, the highly variable volatilisation of elements (Table 13) 
during biomass combustion have been summarized recently ([3] 
and references therein). These data show that elements with the 
highest volatilization potential (13-99% based on mean values) 
are: Hg > (Cd,Sb,Se,V) > Br > Cr > Pb > Zn > Cl > As > S > K > Na. 

3.3.2. Char and other organic phases 

The char and other organic phases identified in BA are listed in 
Table 7 and described earlier [3], Shortly, the reference investiga¬ 
tions ([3] and references therein) show that these organic phases 
include mostly secondary semi-coked and coked char particles 
and associated with them other minor organic phases in BA origi¬ 
nated from incomplete biomass combustion. Additionally, the 
presence of some technogenic organic phases in semi-biomass as 
impurities (additives or contaminants) generated from processing 
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of natural biomass can also occur in BA. The char contents in BA are 
highly variable (up to 79%); however, the most common values are 
in the range 1 -20%. The char particles have various morphologies 
(Table 4), but the original textures and structures of biomass are 
often maintained in char particles. It was found that the coarser 
grain fractions of BA normally contain increased amounts of un- 
bumed matter. An association of organic pollutant species (poly¬ 
chlorinated dioxins and furans and polycyclic aromatic 
hydrocarbons) with char when the unburned organic levels in BA 
are high is possible. The formation of some Na cyanate is also plau¬ 
sible during biomass combustion; however, such cyanate is only 
stable under reducing environments and decomposes to other al¬ 
kali salts and gaseous N compounds under oxidising conditions 
([3] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed some of the above observations. For example, discrete 


char components were recognised by light microscopy as individ¬ 
ual black particles (with signs of some original biomass textures 
and structures) in the ashes obtained at 500 °C (BC, CC, MM, PP, 
RH, SG, SS, WS), 700 °C (CC, MM), 900 °C (CC, MM) and occasionally 
even higher temperatures. The burning of this residual organic 
material mostly proceeds between 300 and 967 °C (Figs. 11-18 
with index (b)), which is similar to the temperature interval 
(370-950 °C) described in the literature (Table 8). For instance, 
the present study shows that the possible combustion tempera¬ 
tures of residual char can be the exothermic peaks accompanied 
by mass losses at: 

. 300, 450 and 794 °C (for BC ash in Fig. 16b); 

. 307, 380, 603, 792 and 1110 °C (for MM ash in Fig. 15b); 

. 330, 500, 600, 723, 838, 940 and 1207°C (for WS ash in 
Fig. 17b); 
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Fig. 15. DTA and TGA profiles of: (a) marine macroalgae (MM); and (b) high-temperature ash (HTA) of MM generated at 500 °C/2 h. 


. 363, 570, 813 and 1250 °C (for SS ash in Fig. 18b); 

. 431, 1030 and 1237 °C (for SG ash in Fig. 12b); 

. 452 and 967 °C (for RH ash in Fig. lib); 

. 454 °C (for CC ash in Fig. 13b); 

• 489-510 °C (for PP ash as a double peak in Fig. 14b). 

Additionally, a few individual char particles encapsulated by 
large chloride, carbonate, sulphate and silicate aggregates in the 
ashes obtained at 500-900 °C and even higher temperatures were 
also observed microscopically. Flence, the above pointed combus¬ 
tion mechanism for some residual char encapsulated in chlorides 
(see Section 3.3.1) can also be valid for char entrapped by other 
mineral classes and its subsequent burning at higher temperatures. 
For example, the formation of some secondary chlorides, carbon¬ 
ates, sulphates, phosphates and silicates (Table 11 ) occurs simulta¬ 


neously with the formation and combustion of char. Therefore, 
some of them can capsulate the char (as char covered by mineral 
layers or included in mineral matrix), thus limiting the oxygen dif¬ 
fusion to the OM. In this case the combustion of the encapsulated 
residual char may follow closely the decomposition, recrystalliza¬ 
tion or melting of the outer mineral layers or matrices to allow 
some oxygen diffusion and allowing char burnout. For instance, 
the below listed possible combustion temperatures of the residual 
char are based on: (1) the exothermic effects accompanied by mass 
losses in Figs. 11-18 (with index (b)); (2) the endothermic reac¬ 
tions in Figs. 11-18 (with index (b)); and (3) the mineral transfor¬ 
mations in Figs. 3-10. These temperatures are: 

• 500 °C and 600 °C, following some portlandite-lime crystalliza¬ 
tions at 386-542 °C (for WS in Fig. 17b and SS in Fig. 18b); 
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Fig. 16. DTA and TGA profiles of: (a) beech wood chips (BC); and (b) high-temperature ash (HTA) of BC generated at 500 °C/2 h. 



CHL organic type 
C inorganic type 



603 °C, 794 °C, 813 °C and 940 °C, respectively after calcite 
decomposition at 538 °C (for MM in Fig. 15b), 743 °C (for BC 
in Fig. 16b), 740 °C (for SS in Fig. 18b) and 896 °C (for WS in 
Fig. 17b); 

723 °C and 838 °C, following some decomposition of K (dehy- 
drogened kalicinite), K-Ca (butschliite, fairchildite) and Na-Ca 
(natrofairchildite) carbonates at 706 °C and 777 °C (for WS in 
Fig. 17b); 

782-792 °C, after melting of chlorides at 745 °C (for MM in 
Fig. 15b); 

967 °C and 1030 °C, following crystallisation of amorphous sil¬ 
ica to cristobalite at 885 °C (for RH in Fig. lib) and 900 °C (for 
SG in Fig. 12b), respectively; 

1207 °C, after anhydrite decomposition at 1170 °C (for WS in 
Fig. 17b); 

1237 °C, following ash melting at 1193 °C (for SG in Fig. 12b); 
and 


• 1250°C, after arcanite decomposition and ash melting at 

1236 °C (for SS in Fig. 18b). 

It should be stated that the intensive formation of some newly 
formed minerals and low-temperature and less viscous melts also 
provides some contribution to increased char components in ashes 
produced from low-rank coals. For instance, films of anhydrite, cal¬ 
cite, lime and glass were observed to encapsulate unburned char 
particles, thus preventing oxygen diffusion and complete combus¬ 
tion of OM in lignites [384], Furthermore, the processes related to 
formation of secondary carbonates, chlorides, phosphates and 
low-temperature melts for possible char encapsulating are much 
more characteristic of BAs than coal ashes [3]. 

3.3.3. Organic minerals 

The organic minerals identified in BA are listed in Table 7 and 
described earlier [3], Oxalates are minerals, but they are assigned 
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LCH organic type 
CK inorganic type 
CK-LA inorganic sub-type 




to a special group because they are organic species, which is one of 
the exceptions in a mineralogical sense. Shortly, the reference 
investigations ([3] and references therein) show that weddelite 
(Ca oxalate dihydrate), whewellite (Ca oxalate monohydrate) and 
dehydrated whewellite were identified only in LTA of biomass. 
They can be secondary, tertiary and probably primary accessory 
phases in BA (Table 7). For instance, oxalates are typical authigenic 
minerals in plants because they originate from syngenetic and epi¬ 
genetic evaporation and precipitation of mineralized aqueous 
solution enriched in different cations and oxalate anion. Hence, 
some oxalates may be primary phases in BA due to their possible 
presence as unchanged relics despite their relatively low to moder¬ 
ate decomposition temperatures (up to 700 °C in Table 8) during 
heating. Additionally, the occurrence of some technogenic oxalates 
in semi-biomass as impurities generated from processing of natu¬ 
ral biomass may also be primary as a result of their presence as 


unaltered minerals in BA. However, the secondary and tertiary 
oxalates of Ca, K, Mg, Mn and Na are probably dominant in BA 
and these newly formed phases may be a result of decomposition 
of OM under some unstable and lower temperature conditions in 
the system during biomass combustion ([3] and references 
therein). 

The present study of eight biomass varieties and their HTAs 
confirmed some of the above observations. For example, oxalates 
were not found in BAs produced at 500 °C and higher temperatures 
(Table 11 ). It is well known that the transformation of Ca oxalates 
includes: (1) dehydration at 170-200 °C; and (2) decomposition 
and carbonation at 300-500 °C (occasionally up to 700 °C) with 
formation of more stable calcite (Table 8). Therefore, significant 
parts of calcite identified in many ashes produced at 500 °C (SG, 
PP, WS, SS, and especially BC in Figs. 4, 6 and 8-10) may originate 
from such characteristic minerals of biomass. 
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CHL organic type 
K inorganic type 
K-LA inorganic sub-type 



Temperature, °C 


Fig. 18. DTA and TGA profiles of: (a) sunflower shells (SS); and (b) high-temperature ash (HTA) of SS generated at 500 °C/2 h. 


3.4. Behaviour of inorganic matter during biomass combustion 
3.4.1. Silicates 

The numerous silicates identified in BA are listed in Table 7 and 
described earlier [3], Shortly, the reference investigations ([3] and 
references therein) show that silicates can be mostly secondary, to 
a lesser extent primary, and occasionally tertiary phases in BA (Ta¬ 
ble 7). These minerals have both detrital and authigenic occurrence 
in/on plants because: (1) quartz, cristobalite, feldspars, clay and 
mica minerals plus other silicates such as pyroxenes, olivines, chlo¬ 
rites and amphiboles are typical soil minerals and they can have 
some detrital uptake from the soil during plant growth; and (2) 
opal is a characteristic authigenic mineral in plants and originates 
from syngenetic and epigenetic evaporation and precipitation of 
water, namely mineralized aqueous solution enriched in non- 
charged silicic acid. Hence, some silicates can be primary phases 


in BA due to their possible presence as unchanged relics having rel¬ 
atively high decomposition (Table 8) and/or melting (Table 9) tem¬ 
peratures during heating. For example, MPs of silicates are 
commonly more than 1100 °C (Table 9). Additionally, some tech¬ 
nogenic silicate impurities as fillers, additives or contaminants 
(clay minerals, zeolites, talc and other silicates) in semi-biomass 
generated from processing of natural biomass can also be primary 
as a result of their occurrence as unaltered minerals in BA. How¬ 
ever, the secondary silicates are dominant in BA (Table 7) and these 
newly formed phases originate from the alteration of pre-existing 
silicates, melt crystallisation and mostly from the complex reac¬ 
tions among silica and oxyhydroxides of Al, Ba, Ca, Cd, Fe, K, Mg, 
Mn, Na, Sr and Ti generated commonly from the decomposition 
of OM, oxalates, carbonates, phosphates, sulphates, chlorides and 
nitrates during biomass combustion (Table 8). For instance, crys¬ 
tallisation of various newly formed silicates (grains and crystals 
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Table 12 

Significant positive (+) and negative (-) correlation coefficient values (R * 2 ) at 95% confidence levels (bold font), 3 and insignificant (normal font) R 2 values for some characteristic s 
of eight biomass sample s. 


Characteristic 


Correlation coefficient value with: 


First exothermic peak temperature from DTA 


(+) H(0.89) CaO(0.68) Lig(0.66) TiO 2 (0.63) Al 2 O 3 (0.58) MnO(0.48) VM(0.26) P 2 0 5 (0.14) C(0.10) 0(0.10) 

(-) Cel(0.57) MgO(0.41) SO 3 (0.41) K 2 O(0.38) EC (0.37) N(0.37) Cl 2 O(0.34) DWR(0.33) A(0.32) Hem(0.32) 0(0.28) 
Ext(0.25) Na 2 O(0.23) S(0.23) Fe 2 O 3 (0.14) pH(0.12) SiO 2 (0.03) FC(0.02) 


Second exothermic peak temperature from (+) Ext(0.85) Na 2 O(0.84) S(0.83) SO 3 (0.82) 0(0.81) Cl 2 0(0.80) EC (0.78) N(0.72) DWR(0.70) Hem(0.66) A(0.60) 
DTA pH(0.58) Al 2 0 3 (0.54) TiO 2 (0.38) H(0.33) Fe 2 0 3 (0.26) FC(0.07) P 2 0 5 (0.07) Mg0(0.02) 

(-) C(0.68) Cel(0.66) VM(0.52) MnO(0.45) K 2 0(0.40) SiO 2 (0.20) 0(0.19) Lig(0.06) Ca0(0.05) 


Ratio between first and second exothermic (+) SiO 2 (0.67) H(0.57) C(0.51) Al 2 0 3 (0.43) Lig(0.37) VM(0.29) Ti0 2 (0.27) MnO(O.lO) pH(O.Ol) 

peak heights from DTA (-) S0 3 (0.60) Cl 2 O(0.56) MgO(0.55) EC(0.52) 0(0.51) K 2 0(0.50) Na 2 O(0.48) S(0.46) Hem(0.42) N(0.42) Fe 2 0 3 (0.31) 

FC(0.30) DWR(0.27) 0(0.27) Ext(0.17) A(0.14) Cel(0.05) P 2 0 5 (0.04) Ca0(0.03) 


Abbreviations: A, ash yield; Cel, cellulose; DTA, differential-thermal analysis; DWR, dry water-soluble residue; EC, electrical conductivity; Ext, extractives; FC, fixed carbon; 

Hem, hemicellulose; Lig, lignin; VM, volatile matter. 

3 The significant R 2 values at 95% confidence level are >0.63 and <-0.63 for 8 variables. 


ilues of elements volatiliz 


Mean Minimum 

99 95 

95 


85 80 

75 70 

71 40 

70 3 

66 15 

58 25 

57 7 

36 5 

13 2 


[ during biomass combustion, wt.%. 
Maximum Samples 


100 5 



100 5 

95 7 

100 9 

90 2 

90 15 

90 8 

24 2 


with size between 1 pm and 1 mm) within the glass and wollas- 
tonite matrices was observed in BAs. The origin of these secondary 
silicates in BA is similar to that in coal ash and their formation 
mechanisms have been described in detail earlier ([376,377] and 
references therein). A special case in some BAs is the significant 
formation of certain secondary K, Na, K-Na, K-Ca and K-Mg sili¬ 
cates having very low eutectic MPs at 540-980 °C (Table 9) and 
such phases can be the reason for low-temperature formation of 
melt/glass in BAs. Finally, the tertiary silicates may include miner¬ 
als containing water molecules and/or hydroxyl groups such as Ca 
silicate hydrate, afwillite, serandite, zeolites (faujasite, gismondite, 
makatite, paranatrolite) and amphiboles (riebeckite, tremolite), as 
well as some chlorite, clay and mica minerals (Table 7), which can 
be a result of hydration and hydroxylation of other less stable sil¬ 
icates by water and moisture in the air during transport and stor¬ 
age of BA ([3] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed most of the above observations. The silica minerals are 
among the most appropriate examples for explanation of the ther¬ 
mal behaviour of silicates during biomass combustion. The RH ash 
contains about 90% Si0 2 (Table 10) and the thermal behaviour of 
this sample is illustrated in Figs. 3 and 11. The phase transforma¬ 
tion of original authigenic opal and amorphous silica present in 
biomass includes their crystallisation/recrystallization to more 
stable secondary: (1) quartz (500-1500 °C); (2) cristobalite 
(700-1500 °C, especially above 900 °C); and tridymite (900- 
1500 °C) in HTA (Fig. 3). The DTA-TGA profile of RH HTA 
(Fig. lib) also shows some less intensive but indicative phase 
transformations with increasing of temperatures such as: (1) 
quartz polymorphic transformation (small endothermic peaks 


about 570 °C, also observed in Fig. 11a); (2) combustion of residual 
char (exothermic peaks at 452 and 967 °C accompanied by mass 
losses); (3) cristobalite crystallisation (endothermic peak at 
885 °C); and (4) tridymite formation (endothermic peak at 
1233 °C). Similar polymorphic transformations of silica minerals 
have been described elsewhere (Table 8). The newly formed silica 
minerals are stable and inert over a large temperature range, 
namely 500-1500°C (Table 11 and Figs. 3-8) due to their high 
melting temperatures (Table 9) and limited reactions with other 
minor components in the RH ash system. In contrast, the dissolu¬ 
tion of silica minerals in the active melts at 1100 and 1300 °C for 
other HTAs can be seen on XRD patterns (Figs. 4-6). Instead of so¬ 
lid-state transformations the secondary silica minerals can also be 
a result of some melt crystallisation at 1100-1300 °C for the same 
samples (Figs. 4-6). Finally, primary quartz probably also occurs in 
some HTAs (Figs. 3-8) due to detrital origin of this mineral in 
biomass. Feldspars (plagioclases and K feldspars) are stable 
minerals in HTAs produced at 500-1100 °C (Table 11 and Fig. 6) 
and their formation is listed in Table 8. It should be stated that 
the origin and behaviour of primary and secondary feldspars in 
HTAs is similar to that of quartz (Tables 7 and 8). It is well known 
that some biomass feedstock can be enriched in soil contaminants 
including quartz, feldspars and clay and mica minerals. In this case 
numerous interactions take place between the authigenic and 
detrial phases in the fuel above 500-900 °C resulted in a complex 
formation of various secondary silicates with different (refractory 
or fluxing) behaviour during combustion (Tables 8 and 9). 

The present study (Table 11 and Figs. 4 and 5) also shows the 
occurrence of some very interesting newly formed K 
aluminosilicates in HTAs, namely leucite (KAlSi 2 C>6) and kalsilite 
(KAlSi0 4 , polymorphous with kaliophilite), produced from SG and 
CC samples enriched in Si0 2 (37-63%). It is well known that 
these K-rich and Na- and Si-deficient minerals are typical of some 
volcanic rocks and they are incompatible with quartz because 
they react with silica to form more stable K feldspars [402], It 
can be seen (Table 11 and Figs. 4 and 5) that these secondary K 
silicates (unusual minerals for coal ash) are stable from 500 °C to 
1100°C (kalsilite) or 1300 °C (leucite) and their formation 
mechanisms include reactions between K compounds (I< 2 0, KC1, 
KOH, K 2 C0 3 , K 2 S0 4 ) and Si and A1 oxides (Table 8). It seems that 
these I< silicates can be a result of both solid-state reactions 
(preferably at 500-900 °C) and melt crystallisation (dominantly 
1100-1300 °C). Their coexistence with quartz in some HTAs is 
probably due to the occurrence of detrital and coarse grained 
quartz (less active) relics with primary origin in these samples 
before the ash melting. 

The reference investigations and present study reveal that 
numerous silicates can occur in BAs (Table 7). However, these 
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minerals are not typical of all BAs (in contrast to coal ashes) be¬ 
cause they do not play significant to major roles in every biomass 
combustion product. In comparison with coal ashes, there are BAs 
within medium acid and especially low acid types and sub-types 
(Fig. 2) where silicates play, respectively, subordinate to almost 
insignificant roles in contrast to other mineral classes during ash 
formation (see Part II). 

3.4.2. Oxides and hydroxides 

The various oxides and hydroxides found in BA are listed in Ta¬ 
ble 7 and described earlier [3], Shortly, the reference investigations 
([3] and references therein) show that oxides and hydroxides can 
be mostly secondary, to a lesser extent primary, and occasionally 
tertiary (especially hydroxides) phases in BA (Table 7), which is 
identical to silicates. These minerals have commonly detrital and 
occasionally authigenic accessory occurrence in/on plants because: 
(1) Fe, A1 and Ti oxyhydroxides are typical soil minerals and they 
can have some relatively low detrital uptake from the soil during 
plant growth: and (2) some authigenic hydroxides in plants may 
originate from syngenetic and epigenetic evaporation and precipi¬ 
tation of mineralized aqueous solution enriched in different cat¬ 
ions and hydroxide anion. Hence, some oxyhydroxides can be 
primary phases in BA due to their possible presence as unchanged 
relics having relatively high decomposition (Table 8) and/or melt¬ 
ing (Table 9) temperatures during heating. For example, MPs of 
oxides are normally much more than 1200 °C (Table 9). Addition¬ 
ally, the occurrence of some technogenic Fe-, A1-, Mg-, Ca- and 
Ti-bearing oxyhydroxides in semi-biomass as impurities (additives 
or contaminants) generated from processing of natural biomass 
can also be primary as a result of their presence as unaltered min¬ 
erals in BA. However, the secondary oxyhydroxides (especially oxi¬ 
des) of Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Pd, Sn, Ti and Zn 
(Table 7) are dominant in BA and these newly formed phases orig¬ 
inate mostly from the decomposition and oxidation of OM, oxa¬ 
lates, carbonates, phosphates, sulphates, chlorides and nitrates, 
and, to a lesser extent, melt crystallisation during biomass com¬ 
bustion (Table 8). A special case in some BAs (especially from 
semi-biomass) is the possible formation of certain secondary K, 
Mo, Pb and Sb oxyhydroxides having very low eutectic MPs at 
380-886 °C (Table 9) and such phases can be a reason for a low- 
temperature formation of melt/glass in BAs. Finally, the tertiary 
oxyhydroxides may include minerals containing mainly hydroxyl 
groups and water molecules (for example, brucite, gibbsite, goe- 
thite, hematite, hydrocalumite, maghemite, portlandite, and Cu, 
K, Na and Zn hydroxides in Table 7), which can be a result of hydra¬ 
tion and hydroxylation of other less stable oxides by water and 
moisture in the air during transport and storage of BA ([3] and ref¬ 
erences therein). The origin of such secondary and tertiary oxyhy¬ 
droxides in BA is similar to that in coal ash and their formation 
mechanisms have been described in detail earlier excluding the 
phases containing some trace elements ([376,377] and references 
therein). It should be stated that the specification of the origin 
for hydroxides in BAs (similar to carbonates, see Section 3.4.5) is 
not an easy task and some additional investigations are required 
for that purpose. 

The present study of eight biomass varieties and their HTAs 
confirmed many of the above observations. The oxides of Ca (lime) 
and Mg (periclase) and hydroxides of Ca (portlandite) and Mg (bru¬ 
cite) are among the most suitable examples for explanation of the 
thermal behaviour of oxyhydroxides during biomass combustion 
(Table 7). It can be seen that some HTAs (BC, MM, PP, SS and WS 
in Table 10) contain high contents of CaO (16-63%) and MgO 
(4-12%) and the thermal behaviour of these samples is illustrated 
in Figs. 6-10 and 14-18. The phase transformation of original 
phases containing alkaline-earth elements (OM, oxalates, carbon¬ 
ates, phosphates and sulphates) in the biomass varieties studied 


includes their decomposition and crystallisation/recrystallization 
to newly formed (secondary and tertiary): (1) periclase 
(500-1100 °C); (2) portlandite (500-1300 °C); and (3) lime 
(700-1100 °C); in HTAs (Table 11 and Figs. 6-10). For example, 
the formation of lime from: (1) calcite decomposition at 538 °C 
(for MM in Figs. 7 and 15b), 743 °C (for BC in Figs. 8 and 16b), 
740 °C (for SS in Figs. 10 and 18b) and 896 °C (for WS in Figs. 9 
and 17b); and (2) from anhydrite decomposition at 1170 °C (for 
WS in Figs. 9 and 17b) and 1250 °C (for MM in Figs. 7 and 15b); 
can be seen on DTA-TGA profiles and supported by XRD patterns. 
Similar transformation temperatures for the above minerals have 
also been given elsewhere (Table 8). On the other hand, the disso¬ 
lution of Ca and Mg oxides in the melt at 1300 °C for some HTAs 
(Figs. 6-10); can be seen on XRD patterns. The formation of lime 
and periclase is definitely secondary, while the dominant portlan¬ 
dite crystallisation probably has a tertiary origin in BAs. It is well 
known that the dexydroxylation of portlandite occurs mostly at 
450-620 °C and occasionally up to 800 °C (Table 8). Hence, port¬ 
landite identified in the HTAs enriched in Ca and produced at 
900-1300 °C is a result of hydroxylation of lime by moisture in 
the air during cooling and storage of PP, MM, BC and WS ashes 
(Figs. 6-9). The secondary occurrence of stable portlanide is only 
possible for HTAs produced at 500 and 700 °C (Figs. 7 and 8) due 
to hydroxylation of lime (Table 8). The exothermic peaks between 
300 and 600 °C due to residual char combustion (Figs. 14-17 with 
index (b)) could also be related to some transitional hydroxyl¬ 
ation of lime, which is similarly an exothermic reaction. It is 
well known that the very active lime is unstable in air and 
moisture and its particles are transformed easily to less active 
portlandite and later to calcite. On the other hand, lime included 
in the glass matrix has different behaviour than that of individ¬ 
ual lime particles. Similar processes are also characteristic of 
periclase and active Ca and Ca-Mg silicates [378], Brucite was 
not identified in the present work; however, this mineral 
normally follows the behaviour of portlandite as its Mg analogue 
(see Table 8 and [376,377]). 

The reference investigations and present study reveal that var¬ 
ious oxides and hydroxides can occur in BAs (Table 7). However, 
these minerals are not characteristic of all BAs because they do 
not play significant to major roles in every biomass combustion 
product, for example ashes from high and medium acid types 
and sub-types (Fig. 2). In contrast to coal ashes, there are BAs with¬ 
in medium acid and especially low acid types and sub-types (Fig. 2) 
where oxyxhydroxides play, respectively, subordinate to major 
roles in comparison with other mineral classes during ash forma¬ 
tion (see Part II). 

3.4.3. Phosphates 

The various phosphates found in BA are listed in Table 7 and de¬ 
scribed earlier [3], Shortly, the reference investigations ([3] and 
references therein) show that phosphates can be mostly secondary, 
to a lesser extent primary, and occasionally tertiary phases in BA 
(Table 7), which is identical to silicates and oxyhydroxides. These 
minerals have both detrital and authigenic occurrence in/on plants 
because: (1) certain phosphates (such as the group of apatite) are 
typical soil minerals and they can have some relatively low detrital 
uptake from the soil during plant growth; and (2) phosphates are 
characteristic authigenic minerals in plants and animals and orig¬ 
inate from syngenetic and epigenetic evaporation and precipita¬ 
tion of mineralized aqueous solution enriched in different cations 
and phosphate and hydrogen phosphate anions. Hence, some 
phosphates can be primary phases in BA due to their possible pres¬ 
ence as unchanged relics having relatively high decomposition 
(Table 8) and/or melting (Table 9) temperatures during heating. 
For example, MPs of phosphates are normally higher than 
1200 °C (Table 9). Additionally, the occurrence of some technogen- 
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ic phosphates in plants from fertilisers and in semi-biomass as 
impurities (additives or contaminants) generated from processing 
of natural biomass can also be primary as a result of their presence 
as unaltered minerals in BA. However, the secondary phosphates of 
Al, Ca, Fe, K, Mg, Mn, Na and Zn (Table 7) are dominant in BA and 
these newly formed phases are attributed to interaction between 
oxides of the above-listed elements and P generated mostly from 
OM, as well as melt crystallisation and phosphate condensation 
during biomass combustion (Table 8). For example, evidence of 
apatite crystallisation within the Si-K glass formed from melt 
was observed in BA. The origin of the secondary phosphates is 
probably similar to that in coal ash and this has been suggested 
elsewhere [52,372,373,375], Finally, the tertiary phosphates may 
include minerals containing water molecules and/or hydroxyl 
groups (for example, hydroxylapatite and K pyrophosphate hy¬ 
drate in Table 7), which can be a result of hydration and hydroxyl- 
ation of other less stable phosphates by water and moisture in the 
air during transport and storage of BA. The less stable pyrophos¬ 
phates (Table 7) are not characteristic phases of BA in contrast to 
phosphates, and their accessory occurrence could be a result of 
some unstable conditions in the system during biomass combus¬ 
tion ([3] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed many of the above observations. Minerals such as phos¬ 
phates of Ca (apatite and whitlockite) identified in HTAs (Table 11) 
are among the most suitable examples for explanation of the ther¬ 
mal behaviour of this mineral class during biomass combustion 
(Table 7). it can be seen that some HTAs (BC, CC, PP, SS, SG, WS 
in Table 10) contain high contents of P 2 0 5 (2-10%) and the thermal 
behaviour of these samples is illustrated in Figs. 4-6, 8-10, 12-14 
and 16-18. The phase transformation of original phases containing 
Ca and P (OM, oxalates, carbonates, phosphates and sulphates) in 
the biomass varieties studied includes their decomposition and 
crystallisation/recrystallization to newly formed secondary: (1) 
whitlockite (500-900 °C); and (2) apatite (500-1300 °C); in HTAs 
(Table 11 and Figs. 6 and 8-10). It can be seen that the most inten¬ 
sive formation of apatite occurs at 900-1100 °C (Figs. 6, 8 and 10) 
and the less stable whitlockite transforms to more stable apatite at 
1100 °C (Fig. 8). On the other hand, the dissolution of apatite in the 
melt at 1300 °C for some HTAs (Figs. 6, 8 and 10); can also be seen 
on XRD patterns. Similar formation and transformation tempera¬ 
tures for apatite, whitlockite and other Ca phosphates have also 
been given elsewhere (Table 8). Hence, the formation of apatite 
and whitlockite is mostly secondary, while for some samples the 
primary occurrence of apatite is also possible (for example, PP in 
Fig. 6). 

The reference investigations and present study reveal that var¬ 
ious phosphates can occur in BAs (Table 7). These minerals are 
characteristic of BAs (in contrast to coal ashes) and play significant 
(high acid type in Fig. 2) to major roles (medium and low acid 
types and sub-types in Fig. 2) in almost all biomass combustion 
products in comparison with other mineral classes during ash for¬ 
mation (see Part II). 

3.4.4. Sulphates, sulphides, sulphosalts, sulphites and thiosulphates 

The various sulphates identified in BA are listed in Table 7 and 
described earlier [3], Shortly, the reference investigations ([3] and 
references therein) show that sulphates can be mostly secondary, 
and to a lesser extent, tertiary and primary phases in BA (Table 7). 
Sulphates are highly mobile during weathering and they are not 
typical soil minerals. These minerals have authigenic occurrence 
in plants because they originate from syngenetic and epigenetic 
evaporation and precipitation of mineralized aqueous solution en¬ 
riched in different cations and sulphate anion, as well as probably 
sulphide anion. Hence, some sulphates can be primary phases in 
BA due to their possible presence as unchanged relics having rela¬ 


tively moderate to high decomposition (Table 8) and/or melting 
(Table 9) temperatures during heating. For example, MPs of sul¬ 
phates are commonly higher than 700-1000 °C (Table 9). Addition¬ 
ally, the occurrence of some technogenic Al, Ba, Ca, Cd, Cu, Fe, K, 
Na, Sr and Zn sulphates (Table 7) in plants from fertilisers and in 
semi-biomass as impurities (additives or contaminants) generated 
from processing of natural biomass can also be primary as a result 
of their presence as unaltered minerals in BA. However, the sec¬ 
ondary sulphates of Al, Ca, K, Mg and Na (Table 7) are dominant 
in BA and these newly formed phases are commonly attributed 
to interaction between acidic SO* (S0 2 and S0 3 ) gases and oxides 
of the above elements generated mostly from OM and carbonates 
during biomass combustion (Table 8). The origin of these second¬ 
ary sulphates is similar to that in coal ash and their formation 
mechanisms have been described in detail earlier ([376,377] and 
references therein). Finally, the tertiary sulphates may include 
minerals containing water molecules and/or hydroxyl groups (for 
example, bassanite, chalcanthite, ettringite, gypsum, picromerite, 
syngenite in Table 7), which can be a result of hydration and 
hydroxylation of other less stable sulphates by water and moisture 
in the air during transport and storage of BA. The less stable sulp¬ 
hides, sulphosalts, sulphites and thiosulphates (Table 7) are not 
common phases of BA in contrast to sulphates, and their accessory 
occurrence can be a result of some reducing and unstable condi¬ 
tions in the system during biomass combustion. For example, this 
statement was evidenced by the association of sulphides with char 
in BA ([3] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed many of the above observations. Minerals such as sul¬ 
phates of Ca (anhydrite, gypsum), K (arcanite) and K and Mg 
(picromerite) identified in HTAs (Table 11) are among the most 
appropriate examples for explanation of the thermal behaviour 
of this mineral class during biomass combustion (Table 7). It 
can be seen that some HTAs (MM, PP and SS in Table 10) contain 
high contents of S0 3 (8-28%) and the thermal behaviour of these 
samples is illustrated in Figs. 6, 7, 10, 14, 15 and 18. The phase 
transformation of original phases containing S and alkaline and 
alkaline-earth elements (OM, oxalates, carbonates, phosphates 
and sulphates) in the biomass varieties studied includes their 
decomposition and crystallisation/recrystallization to newly 
formed (secondary and tertiary) sulphates: (1) gypsum (500 °C); 
(2) picromerite (500 °C); (3) anhydrite (500-1100 °C); and (4) 
arcanite (500-1100 °C); in HTAs (Table 11 and Figs. 3-7, 9 and 
10). On the other hand, the decomposition of: (1) anhydrite at 
900-1100 °C (for CC in Fig. 5 and SS in Fig. 10), 1100-1300 °C 
(for PP in Fig. 6), 1170 °C (for WS in Figs. 9 and 17b) and 
1250 °C (for MM in Figs. 7 and 15b); and (2) arcanite at 
1236 °C (for SS in Figs. 10 and 18b); can be seen on DTA-TGA pro¬ 
files and supported by XRD patterns. Similar formation and trans¬ 
formation temperatures for anhydrite and arcanite have also been 
given elsewhere (Table 8). Hence, the formation of anhydrite and 
arcanite is dominantly secondary, while the crystallisation of gyp¬ 
sum and picromerite commonly has a tertiary origin in BAs due 
to the hydration of secondary anhydrite-bassanite and langbein- 
ite, respectively, by moisture in the air during cooling and storage 
of HTAs (Tables 7 and 11). 

The reference investigations and present study reveal that var¬ 
ious sulphates can occur in BAs (Table 7). However, these minerals 
are not typical of all BAs (in contrast to coal ashes) because they do 
not play significant to major roles in every biomass combustion 
product, for example ashes from high and medium acid types 
and sub-types (Fig. 2). On the other hand, there are BAs within 
medium acid and especially low acid types and sub-types (Fig. 2) 
where sulphates can play, respectively, subordinate to major roles 
in comparison with other mineral classes during ash formation 
(see Part II). 
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3.4.5. Carbonates and bicarbonates 

The various carbonates plus some bicarbonates (or hydrogen- 
carbonates) identified in BA are listed in Table 7 and described ear¬ 
lier [3]. Shortly, the reference investigations ([3] and references 
therein) show that carbonates and bicarbonates can be mostly sec¬ 
ondary, to a lesser extent tertiary, and occasionally primary phases 
in BA, which is similar to sulphates. Carbonates (normally calcite, 
dolomite, ankerite and magnesite) have both detrital and authi- 
genic occurrence in/on plants because these minerals are: (1) typ¬ 
ical for some soils and they can have some relatively low detrital 
uptake from the soil during plant growth; and (2) characteristic 
authigenic minerals in plants and animals and originate from syn- 
genetic and epigenetic evaporation and precipitation of mineral¬ 
ized aqueous solution enriched in different cations and 
carbonate, hydrocarbonate and hydrobicarbonate anions. Hence, 
some carbonates can be primary phases in BA due to their possible 
presence as unchanged relics despite their relatively moderate 
decomposition (Table 8) and/or melting (Table 9) temperatures 
during heating. For example, MPs of alkaline carbonates are com¬ 
monly about 800-900 °C (Table 9). Additionally, the occurrence 
of some technogenic carbonates in semi-biomass as impurities 
(fillers, additives or contaminants) generated from processing of 
natural biomass can also be primary as a result of their presence 
as unaltered minerals in BA (Table 7). However, the secondary car¬ 
bonates of Al, Ca, Cr, Fe, K, Mg, Na and Zn (Table 7) are normally 
dominant in BA and these newly formed phases originate mostly 
from the decomposition and oxidation of OM, oxalates and carbon¬ 
ates and subsequent carbonation (and recarbonation) of the sec¬ 
ondary oxyhydroxides during biomass combustion (Table 8). On 
the other hand, tertiary carbonates can be formed from secondary 
Ca and Mg hydroxides during transport and storage of BA due to 
reactions of the former minerals with C0 2 occurring in air and 
water. For example, the tertiary calcite is a result of lime hydroxyl- 
ation and subsequent portlandite carbonation during HTA storage. 
Finally, other tertiary carbonates may also include minerals con¬ 
taining water molecules and/or hydroxyl groups (for example, 
arterite, baylissite, hydrocalcite, hydrotalcite, hydrozincite, 
nesquehonite, paraalumohydrokalcit and pirssonite in Table 7), 
which can be a result of hydration and hydroxylation of other less 
stable carbonates by water and moisture in the air during transport 
and storage of BA ([3] and references therein). Hence, the origin of 
these secondary and tertiary carbonates in BA is similar to that in 
coal ash and their formation mechanisms have been described in 
detail for some carbonates ([376,377] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed most of the above observations. It can be seen that 
different Ca, Mg, K and Na carbonates were identified in HTAs 
(Table 11) and they are among the most appropriate examples 
for explanation of the thermal behaviour of this mineral class dur¬ 
ing biomass combustion (Table 7). It should be stated that the 
specification of the origin for carbonates in BAs (similar to hydrox¬ 
ides) is not an easy task and some additional investigations are re¬ 
quired. The phase transformation of original phases containing C, 
Ca, Mg, K, Na and Fe (OM, oxalates, carbonates, phosphates and 
sulphates) in the biomass varieties studied includes their decom¬ 
position and crystallisation/recrystallization to newly formed sec¬ 
ondary and tertiary: (1) dolomite, magnesite, natrite and 
natrofairchildite (500 °C); (2) butschliite and fairchildite (500- 
900 °C); (3) kalicinite (500-1100 °C); and (4) calcite (500- 
1300 °C); in HTAs (Table 11 and Figs. 4-10). On the other hand, 
the decomposition of: (1) calcite at 538 °C (for MM in Fig. 15b), 
690 °C (for SG in Fig. 12b), 737 °C (for PP in Fig. 14b), 740 °C (for 
SS in Fig. 18b), 743 °C (for BC in Fig. 16b), and 896 °C (for WS in 
Fig. 17b); (2) dehydrogened kalicinite, butschliite, fairchildite and 
natrofairchildite at 706 °C and 777 °C (for WS in Fig. 17b) and fair¬ 
childite at 889 °C (for SS in Fig. 18b); can be seen on DTA-TGA pro¬ 


files and supported by XRD patterns. Similar formation and 
transformation temperatures for Ca, K and Na carbonates have also 
been given elsewhere (Table 8). It is well known that the decompo¬ 
sition of carbonates occurs between 500 and 900 °C (Table 8). 
Hence, Ca, K and Na carbonates (calcite, kalicinite, butschliite, fair¬ 
childite and natrofairchildite) identified in the HTAs produced at 
900, 1100 and 1300 °C are mostly tertiary in origin and they are 
a result of carbonation of secondary Ca-, K- and Na-oxyhydroxides 
by C0 2 in the air during storage of SG, CC, PP, BC, WS and SS ashes 
(Table 11 and Figs. 4-6 and 8-10). It should be noted that kalicinite 
(KHCO3) has reversible transformation to I<C0 3 at 100-200 °C 
(Table 8). 

The reference investigations and present study reveal that 
various carbonates can occur in BAs (Table 7). These minerals are 
typical of BAs (in contrast to coal ashes) and play significant (high 
acid type in Fig. 2) to major roles (medium and low acid types and 
sub-types in Fig. 2) in almost all biomass combustion products in 
comparison with other mineral classes during ash formation (see 
Part II). 

3.4.6. Chlorides, chlorites and chlorates 

The various chlorides identified in BA are listed in Table 7 and 
described earlier [3], Shortly, the reference investigations ([3] 
and references therein) show that chlorides can be mostly second¬ 
ary, and to a lesser extent, tertiary and primary phases in BA, which 
is similar to sulphates and carbonates. Chlorides are highly mobile 
during weathering and they are not typical soil minerals, similar to 
sulphates. These minerals have authigenic occurrence in plants be¬ 
cause they originate from syngenetic and epigenetic evaporation 
and precipitation of mineralized aqueous solution enriched in dif¬ 
ferent cations and chloride anion. Hence, some chlorides can be 
primary phases in BA due to their possible presence as unchanged 
relics despite their relatively low to moderate decomposition (Ta¬ 
ble 8) and/or melting (Table 9) temperatures during heating. For 
example, MPs of chlorides are normally 300-800 °C (Table 9). 
Additionally, the occurrence of some technogenic chlorides in 
plants from fertilisers and in semi-biomass as impurities (additives 
or contaminants) generated from processing of natural biomass 
can also be primary as a result of their presence as unaltered min¬ 
erals in BA (Table 7). The secondary chlorides of Bi, Ca, Cd, Cu, Fe, K, 
Na, Pb and Zn (Table 7) are dominant in BA and these newly 
formed phases are commonly attributed to interaction between 
Cl-containing gases and the above elements (generated mostly 
from OM) during biomass combustion (Table 8). The origin of these 
secondary chlorides is probably similar to that in coal ash [387], 
The tertiary chlorides may include minerals containing mostly 
water molecules and/or hydroxyl groups (for example, Ca chlorite 
hydrate, Ca and Cu hydroxylchlorides and Zn chloride hydrate in 
Table 7), which can be a result of hydration and hydroxylation of 
other less stable chlorides by water and moisture in the air during 
transport and storage of BA. Finally, tertiary chlorides such as ha¬ 
lite and sylvite and others (Table 7) may also include minerals pre¬ 
cipitated from water solutions (enriched in Na and K cations and 
chloride anion) and generated during transport and storage of 
BA. The less stable chlorites and chlorates (Table 7) are not com¬ 
mon phases of BA in contrast to chlorides, and their accessory 
occurrence can be a result of some unstable conditions in the sys¬ 
tem during biomass combustion. For example, potassium forms 
perchlorates during low-temperature oxidation (100-250 °C) and 
these compounds decompose and melt between 200-700 °C 
releasing Cl ([3] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed many of the above observations. Minerals such as chlo¬ 
rides of Na (halite) and I< (sylvite) identified in HTAs (Table 11 ) are 
the most appropriate examples for explanation of the thermal 
behaviour of this mineral class during biomass combustion. It 
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can be seen that the biomass varieties and their HTAs studied (Ta¬ 
ble 10) are enriched in Cl (especially MIVI sample) and the thermal 
behaviour of these samples is illustrated in Figs. 3-10. The phase 
transformation of original phases containing Cl and alkaline ele¬ 
ments (OM, carbonates, phosphates, chlorides and sulphates) in 
the biomass varieties studied includes their decomposition and 
crystallisation/recrystallization to newly formed (secondary and 
tertiary) chlorides: (1) halite (500-900 °C); and (2) sylvite (500- 
900 =C); in HTAs (Table 11 and Figs. 3, 5 and 7). On the other hand, 
the melting of halite and sylvite mixture at 745 °C (for MM in 
Fig. 15b) can be seen on DTA-TGA profiles and supported by XRD 
patterns (Fig. 7). Similar formation and transformation tempera¬ 
tures for both chlorides have also been given elsewhere (Tables 8 
and 9). Hence, the formation of halite and sylvite can be primary 
according to the XRD data of dry, water-soluble residues produced 
from all biomass samples (Figs. 3-10). However, these chlorides 
are dominantly secondary in HTAs (Tables 7 and 11 and Figs. 3, 5 
and 7). It is well known that the melting of both chlorides is at 
770-801 °C (Table 9) and their identifications in some HTAs pro¬ 
duced at 900 °C (Table 11 and Figs. 3 and 7) is probably due to their 
occurrence inside some coarse-grained particles. It should be sta¬ 
ted that the unusually high-temperature occurrences of portlan- 
dite, gypsum, calcite, kalicinite, halite, sylvite and char in some 
ashes could be explained by: (1) their presence in less altered cores 
of coarser-grained particles in HTAs; and (2) some salt condensa¬ 
tion and reversible transformations of some intermediate and less 
stable secondary phases (oxides and some sulphates) to their more 
stable primary or tertiary mineral occurrences (hydroxides, car¬ 
bonates and hydrated sulphates) during cooling of HTAs and espe¬ 
cially their storage in time; as described earlier [376,377], 

The reference investigations and present study reveal that var¬ 
ious chlorides can occur in BAs (Table 7). These minerals are char¬ 
acteristic of BAs (in contrast to coal ashes) and play significant to 
major roles in almost all biomass combustion products (high, med¬ 
ium and low acid types and sub-types in Fig. 2) in comparison with 
other mineral classes during ash formation (see Part II). 

3.4.7. Nitrates 

The nitrates identified in BA are listed in Table 7 and described 
earlier [3], Shortly, the reference investigations ([3] and references 
therein) show that nitrates can be secondary, and to a lesser extent, 
tertiary and primary phases in BA, which is similar to sulphates, 
carbonates and chlorides. However, the available information for 
them is very limited. Nitrates are highly mobile during weathering 
and they are not typical soil minerals, similar to sulphates and 
chlorides. These minerals have authigenic occurrence in plants be¬ 
cause they originate from syngenetic and epigenetic evaporation 
and precipitation of mineralized aqueous solution enriched in dif¬ 
ferent cations and nitrate anion. Hence, some nitrates can be pri¬ 
mary phases in BA due to their possible presence as unchanged 
relics despite their relatively low to moderate decomposition (Ta¬ 
ble 8) and/or melting (Table 9) temperatures during heating. For 
example, the decomposition temperatures and MPs of some ni¬ 
trates are normally at 300-700 °C (Table 9). Additionally, the 
occurrence of some technogenic nitrates in plants from fertilisers 
and in semi-biomass as impurities (additives or contaminants) 
generated from processing of natural biomass may also be primary 
as a result of their presence as unaltered minerals in BA (Table 7). 
Nitrates such as Ca nitrate hydrate, nitre and nitrocalcite were 
identified only in biomass and LTA (Table 7). The secondary I< 
and Ca nitrates in BA can be attributed to interactions between 
acidic NOx (NO and N0 2 ) gases and K and Ca (generated mostly 
from OM) during biomass combustion (Table 8). The origin of these 
secondary nitrates is probably similar to that in coal ash. For exam¬ 
ple, potassium forms nitrates during low-temperature oxidation 
(100-250 °C) and these compounds decompose between 


200-700 °C releasing N. Finally, the tertiary nitrates include miner¬ 
als containing water molecules (Ca nitrate hydrate and nitrocalcite 
in Table 7), which can be a result of: (1) hydration of other less 
stable nitrates by water and moisture in the air; and (2) minerals 
precipitated from water solutions (enriched in Ca and I< cations 
and nitrate anion); and generated during transport and storage of 
BA ([3] and references therein). 

The present study shows that some of the biomass varieties 
studied (Table 10) are enriched in N (1.1-2.156 for SS, WS and 
MM samples); however, the occurrence of nitrates was not identi¬ 
fied in BAs produced at 500 °C and higher temperatures (Table 11). 
The reason for that can be: (1) the highly volatile behaviour of N 
during combustion; (2) the respective low N contents in BAs; 
and (3) the relatively low detection capability of XRD. 

The reference investigations reveal that some nitrates may oc¬ 
cur in BAs (Table 7). However, it seems that these minerals could 
be typical only of some lower temperature BAs produced from 
N-enriched solid biofuels and could have a significant role (med¬ 
ium and especially low acid types and sub-types in Fig. 2) in 
certain cases during ash formation (see Part II). 

3.4.8. Glass 

Glass in BA has been described earlier [3], Shortly, the reference 
investigations ([3] and references therein) show that glass is 
mostly secondary and, to a lesser extent primary, and occasionally 
tertiary phase in BA (Table 7), which is identical to silicates, oxyhy- 
droxides and phosphates. The secondary amorphous phase re¬ 
sulted from fusion of inorganic material in biomass and rapid 
cooling of the melt produced during combustion. Some unchanged 
glass particles may also be primary in BA if there is pre-existing 
detrital (from volcanic rocks in soil and their uptake) and techno¬ 
genic (impurities from additives or contaminants) occurrence of 
glass with relatively high melting temperatures in biomass and 
semi-biomass, respectively. It was found that glass in BA contains 
primarily Si, K, Ca and Na, and, to a lesser extent, Mg, S, P, Fe, Mn 
and Al. It forms rock-like, ribbon-like, hair-like and other morpho¬ 
logical types (Table 4). Glass agglomerates also occur in BA, com¬ 
posed of different sintered or semi-melted ash particles bound by 
glassy materials. It was identified that some high silica BAs gener¬ 
ated from rice straw and some grasses can produce highly vesicular 
glass products from bubble formation and expansion. These prod¬ 
ucts occasionally form hollow spherical particles of 5-10 pm in 
diameter, which entrap gases. This is similar to coal ash ceno- 
spheres. In contrast to silica enriched BA, high Ca wood BA nor¬ 
mally produces massive glass beads without quench crystals and 
vesicles. Some limited tertiary glass can be formed during weath¬ 
ering of BAs. The explanations above are identical or similar to 
those identified for various glass types and morphologies in coal 
ash ([3] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed most of the above observations. It was found microscop¬ 
ically that the glass formation occurs over a wide temperature 
range (700-1500 °C) as a result of initial (700 °C), significant 
(900-1100 o C) and complete (1100-1300 °C, excluding the RH 
sample) fusion of BAs. The thermal behaviour of these samples is 
also illustrated by DTA-TGA profiles and XRD patterns (Figs. 3- 
18). The glass material plus some poorly crystallised (cryptocrys¬ 
talline) structures of inorganic matter (see Section 3.4.9) in HTAs 
are produced at 500-1500 °C. The former product is the most char¬ 
acteristic of ashes produced at higher temperatures (900-1500 =C), 
while the latter product is more typical of ashes generated at lower 
temperatures (500-700 =C). These both newly formed materials 
can be seen microscopically and also appear as amorphous halo 
with maximums in the range of 10-50° (20 for CuKa radiation) 
on the base line of the XRD patterns (Figs. 3-10). Glass is the most 
abundant in ashes (slags) produced at the highest temperatures 
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Table 14 

Systematization of the physico-chemical transformations during combustion of eight biomass samples with increasing of temperature. 


Temperature 
<500 °C 


500-700 °C 


700-900 


900-1100°C 


1100-1300°C 


1300-1500°C 


Transformation 

Combustion of organic matter (cellulose, hemicellulose and lignin) 

Crystallization of secondary and recrystallization of primary silicates (opal, quartz, crrstobalrte. kalsrlrte. leucite, K feldspars, plagioclases) 
Crystallization of secondary (periclase, portlandite) and tertiary (portlandite from lime) oxyhydroxides 

Crystallization of secondary and recrystallization of primary sulphates (gypsum, anhydrite, arcanite) and formation of tertiary sulphates 
(gypsum and picromerite due to hydration of anhydrite and K-Mg sulphate) 

Crystallization of secondary phosphates (apatite and whitlockite) 

Crystallization of secondary and recrystallization of primary carbonates (calcite, butschliite, fairchildite, natrite, natrofairchildite, KC0 3 , 
dolomite, magnesite) and formation of tertiary carbonates (kalicinite from K oxyhydroxides and KC0 3 ) 

Crystallization of secondary calcite due to the decomposition and carbonation of Ca oxalates 
Crystallization of secondary and recrystallization of primary chlorides (halite, sylvite) 

Probable formation of secondary Ca nitrates 
Formation of secondary amorphous (non-glass) material 
Combustion of residual char 

Crystallization of secondary silicates (quartz, cristobalite, kalsilite, leucite, plagioclases) 

Crystallization of secondary (lime, periclase, portlandite) and tertiary (portlandite from lime) oxyhydroxides 
Crystallization of secondary sulphates (anhydrite, arcanite) 

Crystallization of secondary phosphates (apatite and whitlockite) 

Crystallization of secondary carbonates (calcite, butschliite, fairchildite, KC0 3 ) and formation of tertiary carbonates (calcite from lime 
and portlandite and kalicinite from K oxyhydroxides and KC0 3 ) 

Crystallization of secondary chlorides (halite, sylvite) 

Formation of secondary amorphous (non-glass) material 
Initial formation of melt 
Combustion of residual char 

Crystallization of secondary silicates (quartz, cristobalite, tridymite, kalsilite, leucite, plagioclases) 

Crystallization of secondary (lime, periclase) and tertiary (portlandite from lime) oxyhydroxides 
Crystallization of secondary sulphates (anhydrite, arcanite) 

Crystallization of secondary phosphates (apatite and whitlockite) 

Crystallization of secondary carbonates (calcite, butschliite, fairchildite, KC0 3 ) and formation of tertiary carbonates (calcite from lime 
and portlandite and kalicinite from K oxyhydroxides and KCO3) 

Crystallization of secondary chlorides (halite, sylvite) and their melting 
Formation of secondary amorphous (non-glass) material 
Formation of melt/glass 

Crystallization of secondary silicates (quartz, cristobalite, tridymite, kalsilite, leucite, plagioclases) 

Crystallization of secondary (lime, periclase) and tertiary (portlandite from lime) oxyhydroxides 
Crystallization of secondary sulphates (anhydrite, arcanite) 

Crystallization of secondary phosphates (apatite) and transformation of whitlockite to apatite 

Crystallization of tertiary carbonates (calcite from lime and portlandite and kalicinite from K oxyhydroxides and KC0 3 ) and 
decomposition of secondary carbonates (calcite, butschliite, fairchildite, KC0 3 ) 

Melting of chlorides (halite, sylvite) 

Formation of secondary amorphous (non-glass) material 
Formation of melt/glass 

Crystallization of secondary silicates (quartz, cristobalite, tridymite, leucite), melting of feldspars and dissolution of kalsilite, lime and 
periclase in melt 

Crystallization of tertiary portlandite (from lime) 

Decomposition of secondary sulphates (anhydrite, arcanite) 

Crystallization of secondary apatite 
Crystallization of tertiary calcite from lime and portlandite 
Formation of secondary amorphous (non-glass) material 
Formation of melt/glass 

Crystallization of secondary silicates (quartz, cristobalite, tridymite) and dissolution of leucite, lime and apatite in melt 
Formation of secondary amorphous (non-glass) material 
Formation of melt/glass 


and the approximate proportions of this material seem to be char¬ 
acteristic of BC, MM, PP > SS > CC > SG and, to a lesser extent, 
WS > RH (infused) based on the areas of amorphous halo and crys¬ 
talline matter for the combustion products produced at these tem¬ 
peratures (Figs. 3-10). Hence, ashes with moderate to high 
contents of Ca, K, Si, Mg and P (Table 10) have a tendency for pro¬ 
ducing more glass. The microscopic investigations show that the 
first melt portions appear at ashes produced at 700 °C (CC, MM, 
SS, WS), 900 °C (BC, PP, SG) or 1300 °C (RH). Subsequently, the sig¬ 
nificant to intensive fusion of ashes proceeds at 900 °C (CC, MM, 
SG, WS) and 1100 °C (BC, PP, SS). Finally the complete ash melting 
was observed at 1100 °C (CC, SG) and 1300 °C (BC, MM, PP, SS, WS) 
excluding the RH sample. It should be stated that the melt forma¬ 
tion in the combustion products can initiate at different tempera¬ 
ture intervals depending on the phase composition of biomass and 


BA. For example, the fusion of: (1) K and Na nitrates and hydrox¬ 
ides (<500 °C); (2) some low-temperature K-Na silicate eutectics 
and Fe and Mn chlorides (500-700 °C); (3) K and Na chlorides 
and carbonates, as well as Na sulphate (700-900 °C); (4) K sulphate 
(900-1100 °C); (5) Mg sulphate, acid plagioclases, feldspars, illite 
and montmorillonite (1100-1300 °C); (6) Ca sulphate and basic 
plagioclases (1300-1500 °C); and (7) Ca and Mg silicates and oxi¬ 
des, kaolinite and silica minerals (>1500 °C); can be the major rea¬ 
sons for the initial liquid formation with increasing temperatures 
(Table 9). 

DTA-TGA profiles of biomass and BA samples can specify 
some important temperatures related to melting of ashes. For 
example, it is well known that the complete fusion of biomass 
and coal ashes (hemispherical and mostly fluid ash-fusion tem¬ 
peratures) is detected as an endothermic reaction involving no 
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Table 15 

Systematization of the leading physico-chemical processes during biomass combustion. 




Mineral, phase 


Temperature (°C) 


1. Oxidation and combustion of organic Combustion of OM (cellulose, hemicellulose, lignin) and release of elements and compounds (Al, C, 200-850 
matter CH 4 , C 2 H 2 , C 2 H 6 , CO, C0 2 , Ca, Fe, H 2 , H 2 0, K, Mg, Mn, N 2 , NO*. Na, 0 2 , P, S, SO x , Si, Ti, trace elements, 

others) associated with OM that: 

- escape the system as volatile components 

- react with each other 

- react with IM 

- form discrete inorganic phases (oxyhydroxides, carbonates, chlorides, sulphates, nitrates) 


2. Transformation of minerals and in 


2.1.1. Crystallization-recrystallization 


2.1.2. Destruction of crystal la 


2.1.3. Polymorphic transformatior 


Amorphous and cryptomere clay minerals 

Amorphous Si0 2 

Opal, chalcedony 

Kaolinite 

Zeolites 

Illite, muscovite 
Montmorillonite, chlorite 
Marcasite -► pyrite 
Aragonite -> calcite 

a-quartz -+ p-quartz -+ tridymite -► cristobalite 
Orthoclase -> sanidine 


2.2.3. Dehydroxylation 


Ankerite 

Calcite and dolomite 
Magnesite 
Ca-K carbonates 
K carbonate 

Kaolinite, illite, montmorillonite 
Ca oxalates, gypsum, hexahydrite, 
Bassanite 
Jarosite 

Fe hydroxides 
Al hydroxides 
Portlandite 


2.2.4. Desulphation 


2.2.5. Reduction 


Kaolinite, illite, muscovite, montmorillonite, chlorite 
Fe sulphates 
Arcanite, thenardite 
Anhydrite 

Mg sulphates 


200-300 

200-1100 

<300 

300-1100 

700-860 

700-1100 

800-1100 

100-400 

390-420 

575-1500 

900-1000 


400-800 

500-800 

500-900 

560-650 

600-900 

830-1000 

50-200 

100-200 

200-400 

300-900 

400-500 

400-600 

450-580 

450-800 

600-900 

480-900 

800-1100 

800-1300 

900-1300 

1100-1200 

900-1400 


2.3. Transformation from solid to fluid state K and Na hydroxides 
(melting) (see also Table 9) I< and Na nitrates 

Mg and Ca chlorides 
K and Na chlorides 
K and Na carbonates 
I< phosphates 
Na silicates 
Na sulphate 

Montmorillonite, illite, chlorite, muscovite, biotite, amphibole 
K sulphate 

Albite (acid plagioclase) 

Feldspars (plagioclases and K feldspars) 

K feldspars (orthoclase, microcline, sanidine) 

Ca-Mg silicates 
Ca sulphate 
Nepheline 
Ca silicates 

Anorthite (basic plagioclase) 

Melilite 
Mg silicates 

Kaolinite, metakaolmite 
Leucite 

Quartz, cristobalite, tridymite, amorphous silica 
Mullite, andalusite, sillimanite 


318-406 

330-370 

600-980 

714-772 

770-801 

788-904 

800-1620 

874-1088 

884 

896-1185 

1000-1300 

1067-1100 

1118-1553 

1170 

1270-1660 

1392-1554 

1450 

1526 

1540-2130 

1553 

1554-1590 

1557-1890 

1650-1810 

1684-1750 

1686 

1713 

2570-2597 

2800 


(continued i 


t page) 







S.V. Vassilev et aL/Fuel 112 (2013) 391-449 


Table 15 ( continued ) 


Temperature (°C) 


4. Hydration 
3.1.5. Hydroxylation 


3. Reactions between minerals and phases 

3.1. Reactions between solid, liquid and gas phases 

3.1.1. Carbonation Ca, K, Mg and Na oxyhydroxides and oxalates to: 

- tertiary calcite, kalicinite 

- secondary calcite, butschliite, fairchildite, natrite, natrofairchildite, dolomite 

3.1.2. Chloridation Na and K oxyhydroxides to halite and sylvite 

3.1.3. Formation of inorganic amorphous Variable composition 
(non-glass) material 

Anhydrite and bassanite to tertiary gypsum 
K-Mg sulphate to picromerite 
Lime, periclase and hematite to: 

- tertiary portlandite, brucite, goethite 

- secondary goethite 

- secondary brucite 

- secondary portlandite 
Ca oxyhydroxides to Ca nitrates 

- Fe sulphides 

- organically bound Ca, Mg, K, Na, Fe, A1 to oxides 
Ca oxyhydroxides to: 

- whitlockite 

ation Reactions between: 

- quartz and calcite to Ca silicates 

- quartz and anhydrite to Ca silicates 

- calcite and wollastonite to larnite 
Ca, K, Mg and Ba oxyhydroxides to: 

- gypsum 

- anhydrite 

- arcanite, Mg sulphate 


8. Phosphation 


3.1.10. Sulphation 


3.2. Solid-state reactions 


Wollastonite 

Kalsilite, feldspars (K feldspars, plagioclases) 

Larnite 

Leucite 

Monticellite 

Melilite, rankinite 

Anorthite 

Mullite 


4. Processes in solutions and melts 
4.1. Crystallization of phases in melts 


4.2. Dissolution of minerals and solid 
phases in melts 

4.3. Glass formation 

4.4. Precipitation of inherited moisture 


Leucite, feldspars (K-feldspars, plagioclases), Ca and Ca-Mg silicates 
Hematite, magnetite 
Quartz, cristobalite, tridymite 
Mullite 

Quartz, cristobalite, tridymite, Ca and Ca-Mg silicates, spinel, lime, periclase, hematite, 
magnetite, corundum, others 

Halite, sylvite, arcanite, calcite, kalicinite, gypsum, magnesite, Ca oxalates, Ca nitrate 
hydrate, nitrocalcite, inorganic amorphous material 


Ambient 

200-900 

500-700 


Ambient 

Ambient 

Ambient 

100-200 

300-400 

300-600 

<500 

100-500 

200-850 

500-900 

500-1300 


Ambient 

100-1100 

200-900 

200-1100 

400-1300 

500-1100 

500-1200 

500-1300 

600-1300 

700-1200 

700-1300 

800-1100 

800-1400 


1100 

1100-1300 

1100-1400 

1100-1500 

1100-1600 

1100-1600 

700-1600 

Ambient 


change in mass or with limited mass loss [46,220,344,385]. 
Therefore, the temperatures related to the fluid state of the 
samples can be: 

• 1193 °C for SG (Fig. 12a and b); 

. 1230 °C for WS (Fig. 17a and b); 

• 1233 °C for PP (1230-1235 °C in Fig. 14a and b); 

• 1235 °C for CC (1230-1240 °C in Fig. 13a and b); 

• 1236 °C for SS together with arcanite decomposition (Fig. 18a 
and b); 

• 1240 °C for MM together with anhydrite decomposition (1230- 
1250 °C in Fig. 15a and b); 

• 1300 °C for BC (Fig. 16b); and 

• >1350 °C for RH (Fig. 11a and b). 

It can be seen that these temperatures are in accordance with 
the fluid state observed visually in the crucibles after ash was pro¬ 
duced at maximum temperatures in the electric oven (Table 10). 


The only exclusions are samples SG and CC which were 
transformed to liquid at ^1100 °C (Table 10), which is 
significantly lower than determined by DTA, respectively 1193 °C 
and 1235 °C. The reason can be the prolonged time required for 
ash production in the electric oven (1 h at 1100 °C) in comparison 
with DTA-TGA analyses (10°Cmin ') and the extensive dissolu¬ 
tion of refractory minerals in the crucibles by the initial and 
active melts [3] of SG and CC ashes which have moderate silica 
contents (Table 10 and Fig. Id). The ash fusion temperatures of 
various BAs have been reported recently [3], while the ash-melting 
behaviour of BAs and their types and sub-types will be character¬ 
ised in Part II. 

The reference investigations and present study reveal that glass 
is a characteristic phase in BAs (similar to coal ashes). This phase 
plays significant to major roles in all biomass combustion products 
(high, medium and low acid types and sub-types in Fig. 2) in 
comparison with other mineral classes during ash formation (see 
Part II). 
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3.4.9. Inorganic amorphous (non-glass) material 

The inorganic amorphous (non-glass) material in BA has been 
described earlier [3], Shortly, the reference investigations ([3] 
and references therein) show that this newly formed and mostly 
secondary product represents particles composed of non-fused 
phases and they were identified in BA produced from different bio¬ 
mass varieties. It is well known that phases such as clay, mica and 
silica minerals, zeolites and some hydroxides, sulphates and phos¬ 
phates lose their crystallisation water at 300-1100 °C, resulting in 
structural collapse and consequent amorphization in this temper¬ 
ature range. For example, the presence of amorphous sulphate 
phases, poorly crystallised hydrohylapatite and non-crystalline 
needle-shaped silica grains or rounded to irregular shaped grains 
composed mostly of Si, K and Ca were observed in some BAs. Addi¬ 
tionally, the formation of hydrated silicate phases and portlandite 
with amorphous, disordered or poorly crystallised structures dur¬ 
ing hydration of BA is also common ([3] and references therein). 

The present study of eight biomass varieties and their HTAs 
confirmed some of the above observations. For example, the newly 
formed amorphous (non-glass) and poorly crystallised structures 
of inorganic matter in HTAs produced at 500 °C can be seen as 
maximums of amorphous halo in the range of 15-40° (20 for CuKa 
radiation) on the base line of the XRD patterns (Figs. 3-6 and 10). 
This non-crystalline to semi-crystalline material seems to be char¬ 
acteristic of RH > SG ashes, to some extent CC > SS > MM > WS 
ashes, and occasionally other ashes (BC, PP) based on the areas of 
amorphous halo and crystalline matter for BAs generated at 
500 °C. Ashes enriched in both Si and K and depleted in both Ca 
and Mg (Table 10) seem to have a stronger tendency for producing 
structurally disordered inorganic material at lower temperature 
intervals (500-700 °C) before the intensive fusion of BAs. 

The reference investigations and present study reveal that inor¬ 
ganic amorphous (non-glass) material is typical of BAs (similar to 
coal ashes). This material plays a significant role in all biomass 
combustion products (high, medium and subordinately low acid 
types and sub-types in Fig. 2) in comparison with other mineral 
classes during ash formation (see Part II). 

3.4.10. Other inorganic phases 

The other inorganic phases identified in BA are listed in Table 7 
and described earlier [3], Shortly, the reference investigations ([3] 
and references therein) show that different metallic alloys and 
pure metals are typical minor and accessory phases in municipal 
solid waste ashes, other industrial ashes, and even some plants 
(Table 7). Hence, these metallic alloys and pure metals can occur 
as unchanged relics or impurities (additives or contaminants) in 
BA if they have relatively high decomposition and/or melting tem¬ 
peratures. For example, MPs of some elemental forms (Ag, Au, Cr, 
Cu, Fe, Mn, Ni, Pt, Si) are above 900 °C (Table 9). The presence of 
some unusual phases such as K-Mo selenide and margaritasite 
((Cs,K,H 3 0)2(U02)2V208 (H 2 0)) in ashes produced from incomplete 
combustion of oil palm biomass waste (fibres from empty fruit 
bunches) and rice husks, respectively, has also been reported ([3] 
and references therein). Such accessory phases were not identified 
in the present study due to the low detection capability of XRD for 
minor and trace minerals, as well as using of natural biomass 
samples. 

3.5. Systematization of physico-chemical transformations during 
biomass combustion 

The reference and present data described above show that the 
physico-chemical transformations of OM and IM during biomass 
combustion are complex and include various interactions between 
solid, gas and liquid phases with original and newly formed genesis 
in such multicomponent system. A systematization of these trans¬ 


formations during combustion of eight biomass samples in the 
present study is given in Table 14. Additionally, the leading phys¬ 
ico-chemical transformation processes during biomass combustion 
are summarized and systematized in Table 15 based on the combi¬ 
nation of reference data (Tables 8 and 9) and present studies (Ta¬ 
bles 11 and 14). It can be seen that the original OM and IM in 
biomass during combustion transform: (1) initially to devolatiliza¬ 
tion of OM and burning of combustible gases and char with forma¬ 
tion of intermediate and less stable oxalates, nitrates, chlorides, 
hydroxides, carbonates, sulphates and inorganic amorphous 
(non-glass) material; (2) subsequently to more stable silicates, 
phosphates and oxides; (3) then to melting accompanied by disso¬ 
lution of the refractory minerals; with increasing combustion tem¬ 
peratures in the system; and (4) followed by crystallisation of melt 
and formation of glass accompanied by some salt condensation 
and hydroxylation, hydration and carbonation of newly formed 
phases during cooling of BA. Finally, some post-combustion trans¬ 
formations of the newly formed minerals and phases to stable dur¬ 
ing weathering species among silicates, hydroxides, phosphates, 
sulphates, carbonates, chlorides and nitrates also occur due to their 
hydration, hydroxylation and carbonation by moisture and C0 2 in 
the air through storage of BA. Therefore, the detailed knowledge 
of OM and IM in biomass and its behaviour during combustion 
could predict and explain numerous technological and environ¬ 
mental problems resulting from the thermo-chemical conversion 
of biofuels (see Part II). 

The present study also clearly shows that the ash formation 
mechanisms are strongly related to the presence, abundance, asso¬ 
ciation and behaviour of the modes of element occurrence in bio¬ 
mass and BA. These chemical forms of combination of elements 
are represented by specific refractory (commonly silicates, oxyhy- 
droxides and phosphates) or fluxing (normally chlorides, carbon¬ 
ates, sulphates and nitrates) mineral species, groups and classes 
or phases generated mainly as a result of chemical reactions in 
the BA system. Minerals are particularly illuminating in consider¬ 
ing interpretations of ash formation mechanisms because their 
occurrence is a strong indicator of the processes during fuel com¬ 
bustion. It is well known that there are predictable end products 
of a definite set of physico-chemical conditions that provide an 
environment in which the minerals could be crystallised or in 
which they could form. Hence, such mineral crystallizations can 
be applied for reconstruction of the conditions and formation pro¬ 
cesses occurring during biomass combustion ([52,372,373, 
378,385,403] and references therein). 

The detailed knowledge of the above issues can provide the 
most important information for the advanced and sustainable util¬ 
isation of biomass fuels and their thermo-chemical conversion 
products. Therefore, the specification of biomass varieties to prop¬ 
er organic and inorganic types and sub-types can play a leading 
role for prediction of their behaviour during biomass combustion 
and this topic will be evaluated in detail in Part II. 

4. Conclusions 

Some conclusions based on the present overview of the phase- 
mineral transformations of OM and IM during biomass combustion 
can be made: 

(1) Biomass, similar to solid fossil fuels, is a complex heteroge¬ 
neous mixture of OM (structural ingredients and organic 
minerals) and, to a lesser extent, IM (minerals, mineraloids 
and amorphous material), containing various intimately 
associated solid and fluid phases with different contents 
and natural (authigenic and detrital) or technogenic origin. 
The main structural organic components in biomass are cel¬ 
lulose, hemicellulose and lignin and these matrices contain 


442 


S.V. Vassilev et al./Fuel 112 (2013) 391-449 


in addition various major, minor or accessory organic and 
inorganic phases. 

(2) BA is the solid residue that results from the combustion of 
biomass and it is a complex inorganic-organic mixture with 
polycomponent, heterogeneous and variable composition, 
size and morphology, and contains: (1) mostly IM composed 
of non-crystalline (amorphous) and crystalline to semi-crys¬ 
talline (mineral) constituents; (2) subordinately OM consist¬ 
ing of char and organic minerals; and (3) some fluid matter 
comprising moisture and gas and gas-liquid inclusions asso¬ 
ciated with both IM and OM. 

(3) The physico-chemical transformations of OM and IM during 
biomass combustion include various interactions between 
solid, gas and liquid phases with original and newly formed 
genesis in such multicomponent system. General processes, 
namely: (1) combustion of OM (200-850 °C) (2) fragmenta¬ 
tion (disintegration) of particles (500 °C); (3) initial 
(700-900 °C), significant (700-1100 °C) and extensive 
(700-1300 °C) agglomeration or occasionally swelling of 
particles; (4) initial (700 °C), extensive (900-1100 °C) and 
complete (1100-1500 °C) fusion of particles or minerals 
with different melting points; (5) various new phase 
crystallizations (500-1500 °C); and (6) melt/glass formation 
(700-1500 °C); were observed in BAs. 

(4) OM of different biomass varieties tends to show similar 
combustion behaviour despite different phase and chemical 
composition, whereas IM of these biomass varieties has a 
tendency to reveal variable performance during combustion. 
The investigations also indicate that the thermal behaviour 
of IM and ash formation mechanisms of different BAs tend 
to be: (1) diverse between the inorganic “S”, “C”, “K” and 
“CK” types; and (2) similar within the inorganic types and 
sub-types. 

(5) The proportions among cellulose, hemicellulose and lignin in 
biomass seem to have limited significance during combus¬ 
tion process and the two stage combustion behaviour of 
OM with increasing of temperature is basically related to: 
(1) devolatilization and burning of combustible volatile mat¬ 
ter; and subsequently (2) char formation and combustion; 
simultaneously from the three structural components of 
the bulk OM with some temperature fluctuations depending 
on the content and distribution of structural components. 
The ill-defined structure, variable composition, different 
impurities and changeable properties of cellulose, hemicel¬ 
lulose and lignin in biomass varieties reflect directly on their 
variable and less predictable thermo-chemical conversion 
behaviour. 

(6) Char particles encapsulated by newly formed chloride, car¬ 
bonate, sulphate and silicate aggregates in the ashes 
obtained at 500-900 °C and even higher temperatures occur 
in BAs. The combustion of such residual char seems to follow 
closely the decomposition, recrystallization or melting of the 
above mineral layers or matrices containing this char. 

(7) The minerals and phases found in BAs (291 identified) 
include more species and groups of species in comparison 
with coal ashes (188 found). The number of mineral species 
in BAs belongs to the mineral classes: silicates > oxides and 
hydroxides > sulphates > phosphates > carbonates > chlo¬ 
rides > nitrates > others. The common phases found in BAs 
comprise glass, char, silica minerals (quartz, cristobalite, 
tridymite), calcite, sylvite, leucite, plagioclases, amorphous 
(non-glass) material, arcanite, anhydrite, lime, periclase, 
hematite, portlandite, apatite, larnite, melilite, Ca phos¬ 
phates, fairchildite, K carbonate, K feldspars, halite, K-Ca sil¬ 
icates, ankerite, clay minerals, siderite, Na silicate, 
merwinite, glaserite, gypsum, pyroxenes, olivines, others. 


(8) BAs have highly variable chemical and phase-mineral com¬ 
position and properties and these characteristics are more 
changeable and differ significantly in comparison with those 
of coal ashes. Most of the minerals and phases identified in 
coal ashes were also found in BAs. However, many mineral 
species among Ca-K-Mn silicates, Ca-Al-Mn oxides, K- 
Na-Ca chlorides and K-Ca-Mg-Na carbonates, sulphates 
and phosphates identified in BAs were normally not found 
in coal ashes. The reason for that could be the enrichment 
of elements such as Ca, Cl, K, Mg, Mn, Na and P in BAs com¬ 
pared to coal ashes. In contrast, typical Si-, A1-, Fe- and Ti- 
bearing minerals of coal ashes (quartz, clay and mica miner¬ 
als, mullite, feldspars, Fe oxides and rutile), were not charac¬ 
teristic of many BAs probably due to limited contents of 
these elements in BAs. 

(9) Phosphates, carbonates and chlorides (in contrast to coal 
ashes) plus glass and inorganic amorphous materials are 
characteristic of BAs because they play significant to major 
roles in almost all biomass combustion products in compar¬ 
ison with other mineral classes during ash formation. On the 
other hand, silicates, oxyhydroxides and sulphates are not 
typical of all BAs (in contrast to coal ashes) because they 
do not play such important roles in every biomass combus¬ 
tion product. 

(10) The phases and minerals in BAs (similar to coal ashes) can be 
classified by origin as: (1) primary, namely pre-existing or 
original minerals and phases in biomass that have under¬ 
gone no phase transformations during combustion (mostly 
refractory silicates, oxyhydroxides and phosphates); (2) sec¬ 
ondary such as new phases formed during combustion pro¬ 
cess (species from all mineral classes plus glass and char); 
and (3) tertiary, namely new minerals or phases formed dur¬ 
ing transport and storage of BA (mainly carbonates and 
hydroxides). 

(11) The systematization of physico-chemical transformations 
during biomass combustion show that the original OM and 
IM in biomass transform; (1) initially to devolatilization of 
OM and burning of combustible gases and char with forma¬ 
tion of intermediate and less stable oxalates, nitrates, chlo¬ 
rides, hydroxides, carbonates, sulphates and inorganic 
amorphous (non-glass) material; (2) subsequently to more 
stable silicates, phosphates and oxides; (3) then to melting 
accompanied by dissolution of the refractory minerals; with 
increasing combustion temperatures in the system; and (4) 
followed by crystallisation of melt and formation of glass 
accompanied by some salt condensation and hydroxylation, 
hydration and carbonation of newly formed phases during 
cooling of BA. Finally, some post-combustion transforma¬ 
tions of the newly formed minerals and phases to stable dur¬ 
ing weathering species among silicates, hydroxides, 
phosphates, sulphates, carbonates, chlorides and nitrates 
also occur due to their hydration, hydroxylation and carbon¬ 
ation by moisture and CO2 in the air through storage of BA. 

Finally, the present study shows that inorganic composition of 
biomass and BA is highly variable and the assignment of various 
biomass varieties to different inorganic types and sub-types could 
have primary importance when predicting the behaviour of a par¬ 
ticular fuel during processing and potential applications of biomass 
conversion products. There is a big advantage when the biomass 
and BA classification systems are based on the identification and 
implementation of significant relationships between elemental 
concentrations, combined chemical and phase-mineral associa¬ 
tions and especially on an application of genetic approaches for 
specification of the phases. In this case the reasons for different 
problems or benefits during biomass processing can be systemati- 
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